Methods for acoustic holography and acoustic measurements by Fischer, Wolfgang
New Jersey Institute of Technology
Digital Commons @ NJIT
Dissertations Theses and Dissertations
Spring 1972
Methods for acoustic holography and acoustic
measurements
Wolfgang Fischer
New Jersey Institute of Technology
Follow this and additional works at: https://digitalcommons.njit.edu/dissertations
Part of the Electrical and Electronics Commons
This Dissertation is brought to you for free and open access by the Theses and Dissertations at Digital Commons @ NJIT. It has been accepted for
inclusion in Dissertations by an authorized administrator of Digital Commons @ NJIT. For more information, please contact
digitalcommons@njit.edu.
Recommended Citation
Fischer, Wolfgang, "Methods for acoustic holography and acoustic measurements" (1972). Dissertations. 1282.
https://digitalcommons.njit.edu/dissertations/1282
 
Copyright Warning & Restrictions 
 
 
The copyright law of the United States (Title 17, United 
States Code) governs the making of photocopies or other 
reproductions of copyrighted material. 
 
Under certain conditions specified in the law, libraries and 
archives are authorized to furnish a photocopy or other 
reproduction. One of these specified conditions is that the 
photocopy or reproduction is not to be “used for any 
purpose other than private study, scholarship, or research.” 
If a, user makes a request for, or later uses, a photocopy or 
reproduction for purposes in excess of “fair use” that user 
may be liable for copyright infringement, 
 
This institution reserves the right to refuse to accept a 
copying order if, in its judgment, fulfillment of the order 
would involve violation of copyright law. 
 
Please Note:  The author retains the copyright while the 
New Jersey Institute of Technology reserves the right to 
distribute this thesis or dissertation 
 
 
Printing note: If you do not wish to print this page, then select  
“Pages from: first page # to: last page #”  on the print dialog screen 
 
  
 
 
 
 
 
 
 
 
 
 
 
The Van Houten library has removed some of the 
personal information and all signatures from the 
approval page and biographical sketches of theses 
and dissertations in order to protect the identity of 
NJIT graduates and faculty.  
 
INFORMATION TO USERS
This dissertation was produced from  a m icrofilm  copy o f the original document. 
W hile the most advanced technological means to photograph and reproduce this 
docum ent have been used, the quality is heavily dependent upon the quality of 
the original submitted.
The following explanation o f techniques is provided to  help you understand 
markings or patterns which may appear on this reproduction.
1. The sign or "target" for pages apparently lacking from  the document 
photographed is "Missing Page(s)". If  it was possible to obtain the 
missing page(s) or section, they are spliced into the film  along with 
adjacent pages. This may have necessitated cutting thru an image and 
duplicating adjacent pages to insure you complete continuity.
2. When an image on the film  is obliterated w ith  a large round black 
mark, it is an indication that the photographer suspected that the 
copy may have moved during exposure and thus cause a blurred 
image. You will find  a good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to  begin photoing at the 
upper left hand corner of a large sheet and to  continue photoing from  
le ft to right in equal sections with a small overlap. If  necessary, 
sectioning is continued again — beginning below the first row and 
continuing on until complete.
4. The majority of users indicate that the textual content is of greatest 
value, however, a somewhat higher quality reproduction could be 
made from "photographs" if essential to the understanding of the 
dissertation. Silver prints o f "photographs” may be ordered at 
additional charge by writing the Order Departm ent, giving the catalog 
number, title, author and specific pages you wish reproduced.
University Microfilms
300 North Zeeb  Road
Ann Arbor, M ichigan 48106
A  Xerox Education Company
72-26,333
FISCHER, Wolfgang Klaus, 1941- 
MEfflODS FOR ACOUSTIC HOLOGRAPHY AND ACOUSTIC 
MEASUREMENTS.
Newark College of Engineering, D.Eng.Sc., 1972 
Engineering, electrical
University Microfilms, A XEROX Company, Ann Arbor, Michigan
PLEASE NOTE:
Some pages may have  
i nd i s t  i n e t  p r i n t .
F i l m e d  as r e c e i v e d .
U n i v e r s i t y  M i c r o f i l m s ,  A Xer ox  Ed u c a t i o n  Company
METHODS FOR A C O U S T I C  H O L O G R A P H Y  AND 
A C O U S T I C  M E A S U R E M E N T S  
BY
W O L F G A N G  KLAUS FI SC HE R
A D I S S E R T A T I O N  
PRE SENTE D IN PART I A L  F U L F I L L M E N T  OF 
THE R E Q U I R E M E N T S  FOR THE DEG R E E
OF
DOCTOR OF ENGINEERING SCIENCE IN E L ECTR IC AL E N G I N E E R I N G
AT
N E W A R K  COL L E G E  OF E N G I N E E R I N G
This d i s s e r t a t i o n  is to be used only wit h  due regard 
to the rights of the author. B i b l i o g r a p h i c a l  references 
may be noted, but pa ssage s must not be copied without 
p e r m i s s i o n  of the C o l l e g e  and withou t credit being 
given in subsequent w r i t t e n  or publ ished work.
Newark, N e w  Jersey
1972
A B S T R A C T
In this disser tation, a no vel "four -st ep a c o u s t i c a l  
h o l o g r a p h i c  imaging system" is d e s cr ibed and several 
means for its i m p l e m e n t a t i o n  are an aly zed both t h e o r e ­
tically and experi mentally.  This system is co mpare d 
with other me th od s of a c o u s t i c a l  hol ography, (ie. p e r ­
mitt i n g  to obtain a visible, 3-D image of an object 
i n so nified  with supersonic waves) and some of its a d v a n ­
tages are indicated.
The use of optical h o l o g r a p h i c  techniques to convert 
an ar b i t r a r y  acous tic image to a vi sib le  image is i n v e s t ­
igated and a new method - the "hol og raphic sound image 
con ve rter " - is in troduced and analyzed. This co n v e r t e r  
consists of the " h o l o gr ap hic i n te rf eromete r"  and an 
a p p r o p r i a t e  "coupler". U n l i k e  present ac ousti c detectors, 
it e x h ib its the ability to s i m u l t a n e o u s l y  det ect a 
qua ntity  re lated to the v i b r a t i o n  amplitud e at each point 
of the a c o u s t i c a l  d i f f r a c t i o n  pattern. Other a d v a n t a g e s  
of this t e ch nique are fre q u e n c y  selec tivity and the 
p o s s i b i l i t y  of a m p l i f i c a t i o n  and "refer ence w a v e  s i m u l a ­
tion." This conver ter is a no n - s c a n n e d  device; yet it 
features all of the de s i r a b l e  c h a r a c t e r i s t i c s  n o r m a l l y  
as so c i a t e d  only with scanned, linear detectors.
The new technique of "sh ifted refere nce  h o l o g r a p h i c  
i n t e r f e r o m e t r y "  is presented. This technique, as shown
ii
in the analys is, permits i n c r e a s i n g  the s e n s i t i v i t y  of 
con v e n t i o n a l  t i m e -a ve raged h o l o g r a p h i c  i n t e r f e r o m e t r y  
by a p p r o x i m a t e l y  one order of ma gn i t u d e .  E x p e r i m e n t a l  
results c o n f i r m  this pre diction.
Ho l o g r a p h i c  techn iques are also ap plied to the 
m e a s u r e m e n t  of acous tic p a r a m e t e r s  and several ways of 
im pleme nt ing this ap p l i c a t i o n  are pr op o s e d  and i n v e s t i ­
gated. In a nu m b e r  of e x p e r ime nt s, the ad van t a g e s  of 
the h o l o g r a p h i c  me t h o d  in the field of sonics and u l t r a ­
sonics are de monstr at ed, and a t h e o r e t i c a l  r e l a t i o n  c o m ­
paring this m e t h o d  to the S c h l i e r e n  m e t h o d  is d e v e l o p e d 
and e x p e r i m e n t a l l y  confirmed.
A t h e o r e t i c a l  and e x p e r i m e n t a l  study of some p o s s i b l e  
"couplers", each capable of a u g m e n t i n g  the d i s p l a c e m e n t 
am plitude of an acou st ical d i f f r a c t i o n  patter n as it is 
t ra nsferre d from a surface b o u n d e d  by water to one bo un d e d  
by air, is also conducted. Th e " co uplers " i n v e s t i g a t e d 
range from a simple, acoustic i m p e d a n c e  transform er to a 
mo saic of v e l o c i t y  amplifiers.
A d e t a i l e d  study is c o n d u c t e d  on the de v e l o p m e n t 
and testing of a m e c h a n i c a l  v e l o c i t y  t r a n s former  c o n s i s t ­
ing of two lossy, nearly q u a r t e r - w a v e  plates. The t h e o ­
retical r e l a t i o n s  d e scribi ng  the b e h a v i o r  of such plates 
are d e velop ed  and e x p e r i m e n t a l l y  verifi ed.  An a d v a n t a g e
i ii
of 9.5 (19.6 dB) at 916 KHz has bee n obtain ed  across the 
w a t e r / a i r  in t e r f a c e  - pri m a r i l y  due to the c o n s t r u c t i o n 
of tuned a l u m i n u m - e p o x y  plates.
A useful me t h o d  for "tuning " q u a r t e r - w a v e  me t a l - 
epoxy plates is i n tro du ced and dem ons trate d.  Other 
met hods s u i tab le  for the m e a s u r e m e n t  of the speed of 
sound and the a t t e n u a t i o n  c o e f f ic ie nt of epoxy are also 
d i s c u s s e d .
"Shifted r e f e r e n c e  h o l o g r a p h i c  in te r f e r o m e t r y "  and 
the partial imp e d a n c e  m a t ch in g of wa ter to air, a f f or de d  
by the tuned v e l o c i t y  trans former, result in a hi gh s e n s i ­
tivity of this op ti ca l de tector  of acoustic vibrati on s.
It is shown that, by these methods, a "h ol o g r a p h i c  sound
image converter" hav in g a t h r eshol d intensity of 2.8 mw/ 
o
cm at 1 MHz ap pears feasible. Higher sensi t i v i t i e s  
(1.6 x lo- -*--*- w/cm^) and full r e a l i z a t i o n  of all of the 
a dv an t a g e s  of the " h o l ogra ph ic c o n v e r t e r "  are ex pected 
w ith  the use of an "ac tive coupler", ie. one w hich makes 
use of e l e c t r o n i c  ampl ification .
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PREFACE
The recent success of h o l o g r a p h i c  imaging with 
vi si bl e rad i a t i o n  (optical h olo gr aphy) has gen e r a t e d  a 
new interest in a cous ti cal ho log raphy . The r e a l i z a t i o n  of 
the full a d vanta ge s of this aco ustic imaging process  is 
impeded, howeve r, by both t h e o r et ical and tech n o l o g i c a l  
limitations. The th eor eti cal l i m i t ations are largel y 
dictated by the ne c e s s i t y  of using vi sibl e ra d i a t i o n  to 
reconstruct  a con verted  aco ust ic al h o l o g r a m  wh ich  has been 
originall y recorde d with ac ous tic radiation. On the other 
hand, the t e c h n o l o g i c a l  lim it ation s arise pr i m a r i l y  from 
the lack of a sui ta ble detect or - a de vice which can convert 
the acou st ical inte r f e r e n c e  pa tt e r n  to a visibl e pattern.
This latter co nsid e r a t i o n  has mot i v a t e d  a st udy on 
the use of op tica l h o l o g r a p h i c  t e chnique s to achieve a more 
s a t i s fact or y acoustic image con version. The a p p l i c a t i o n  of 
such techniques appears p a r t i c u l a r l y  desira ble since, 
among other advanta ge s, it i nherent ly  obviates the need 
for scanning the rec eiving  aperture.
The first chapter br iefly d i s cus se s the va rious 
problems and li mitati on s that p r e s e n t l y  confront the 
ac oustical h o l o g r a p h i c  imaging process. The need for a 
su ita ble sound detector  is also introduced.
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This need beco m e s  more ev ident as some of the present, 
existing d e te ctors are reviewed in Chapter II. Exte nsive 
references are cited in this d i s c u s s i o n  so that the i n t e r ­
ested reader may fam il iarize h i m s e l f  more fully w i t h  any 
pa rti cular device.
Unlike the con ve rt ers desc ribed in Chapter II, the 
h o l o g raph ic  and Sch li er en me thods d i scussed  in Chapter  III 
permit the "side - v i e w "  v i s u a l i z a t i o n  of sound w av es p r o p ­
agating in an o p t ica ll y tran sparent m e d i u m . These two methods 
are examined in some detail, both th eor e t i c a l l y  and e x p e r i ­
mentally, and their use fulness as m e a s u r i n g  devices for 
determini ng  acoustic  para meters is demon strated. Althoug h 
these v i s u a l i z a t i o n  schemes may appear irrelevant to the 
acoustical h o l o g r a p h i c  imaging process, the theoret ic al 
techniques i n t r o d u c e d  in this chapte r as well as the e x p e r i ­
mental results obtained with " f requen cy  shifted" h o lo grams 
are essential for later work. Fur ther mo re, both methods  
are used ex t e n s i v e l y  for the c a l i b r a t i o n  of p i e z o e l e c t r i c  
c r y s t a l s .
Chapter IV dis cusses  a nu m b e r  of optical i n t e r f e r ­
ometers which permit the d e t ection  and me as ur e m e n t  of 
small v i b r a t i o n  amplitudes. Includ ed in this d is cussion  
is a technique for in creasing the se n s i t i v i t y  of c o n ­
ventional, t i m e - a v e r a g e d  h o l o g r a p h i c  in t e r f e r o m e t r y  by
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a p p r o x i m a t e l y  one order of magnitude. The resultant system, 
denote d as the "shift ed refere nce h o l o g r a p h i c  i n t e r f e r o ­
m ete r" forms the basis of the " h o l o g r a p h i c  sound image 
co nv erte r"  w h i c h  is described in Ch apt er V.
This chapte r pr oposes a novel, four-ste p aco ust ic al 
ho l o g r a p h i c  im aging system of w h i c h  the (optical) " h o l o ­
g rap hic conv e r t e r "  is the central sub-system. This c o n ­
v er te r is compos ed  of the "h ologra ph ic i n t e r f e r o m e t e r "  and 
an appr op riate "coupler"  which tra nsfers the acousti c 
image (to be recorded) from one m e d i u m  to another. The 
c h a r a c t erist ic s of the "ho lograp hi c conv er ter" are noted 
and compared to those of existing ac ou st ic detectors. Also 
descri bed  are a number of possible, p r a ct ical couplers.
One of these couplers, nam el y a simple ve locit y  
transformer c o n s i s t i n g  of two q u a r t e r - w a v e  resonant plates, 
is analyzed in Chapte r VI. The th e o r e t i c a l  relations 
descr i b i n g  the b e h a v i o r  of such plates are developed and 
the means for r e a l i z i n g  a practical, w o r k i n g  system are 
presented. In par ti cular , the e x p e r i m e n t a l  techniques used 
to construct, test and tune m e t a l - e p o x y  plates are d e s c r i b e d  
in detail. In addition, their p e r f o r m a n c e  as d eterm in ed 
from the fre quency depe ndence  of the di splace me nt a m plit ud e  
transmi ss ion c o e f f i c i e n t  of the re s u l t a n t  system, is c o m ­
pared to theor e t i c a l  predictions.
vi i i
Conclusions and further r e c o m m e n d a t i o n s  are dis c u s s e d  
in Chapter V I I .
The author wis h e s  to thank the m e m b e r s  of the thesis 
committee, Dr. Mauro Zambuto, Dr. Raj Misra, Dr. Wa r r e n  
Ball and Dr. Werner Weni s c h  for their va lu a b l e  suggestions , 
criticisms, guidance, and e n c o u r a g e m e n t  througho ut this 
study.
Special g r a t i t u d e  is also ext en ded to Dr. Robert 
Mc M i l l a n  and Mr. Wa l t e r  Schm ie dskamp for their as sis t a n c e  
in the solution of the countless p r o blems enco un tered 
du ring the e x p e r i m e n t a l  phase of this work.
Of course, this research w o u l d  never have been 
po ss ib le wi th out the facilitie s p r o vided by the Ele ctri ca l 
En gineering  Dep a r t m e n t  of Newa rk Col lege of Eng in ee ring 
and withou t the f i nanci al  ass is tance p r o v i d e d  by the New 
Lo ndon L a bo ra tory of the Naval U n d e r w a t e r  Systems Ce nter 
(formerly the U. S. Navy Underwat er  Sound Laboratory).
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1Ch ap te r I
E X T E N S I O N  OF O P T I C A L  H O L O G R A P H Y  TO A C O U S T I C A L  H O LOGRA PH Y
H i s t o r i c a l  Con s i d e r a t i o n s
The word "h ol o g r a p h y "  is used to de n o t e  the two-step 
pr oc es s of wav ef ront r e c o r d i n g  and r e c o n s t ru ct ion. This
process is by now well und er s t o o d  and has be en thoro ughly
54 28
analyzed. Since its conce p t i o n  by Gabor, h o l o g r a p h y  lay
r e l a t i v e l y  dormant un til the devel op ment of the laser w hic h
pr o vid ed  the n e c es sa ry tool - namely an intense, nearly
m o n o c h r o m a t i c  and high ly  coherent source of light.
As is well known, in rec onstru ct ion, the h o l o g rap hi c  
imaging process produces, bes ides others, a w a v e f r o n t  w hich  
is ide n t i c a l  to that w h i c h  orig in ated from the object during 
the r e c o r d i n g  process. Hence, the c o r r e s p o n d i n g  h o l o g ra phic  
image cannot  be d i s t i n g u i s h e d  from the o r i ginal object and 
is, necess arily, t h r e e - d i m e n s i o n a l  in nature. While this 
t h r e e - d i m e n s i o n a l  ch a r a c t e r  of the r e c o n s t r u c t e d  image is 
p r o b a b l y  the most s e n s a t i o n a l  feature of ho log raphy , equally 
im po rtan t are its i n t e r f e r o m e t r i c  properties. Some of these 
p r o p e r t i e s  will be d i s c u s s e d  more fully in chapters III and 
IV.
In Ga bor 's o r i ginal work, the three w a v e f r o n t s  o r i g i n a ­
ting from the h o l o g r a m  du ring the r e c o n s t r u c t i o n  process 
w e r e  coaxial; thereby m a k i n g  it difficult to obtain a clear,
2u n d i s t u r b e d  image of the object. Howeve r, c o m plete  spatial 
s e p a r a t i o n  of these w a v e f r o n t s  is p o s s i b l e  w i t h  the i n t r o ­
du c t i o n  of an off-axis  r e f e r e n c e  b e a m ^ ( a s  op po se d to the 
on-axis r e f e r e n c e  b e a m  used by Gabor). Due to the success 
of this technique, n e a r l y  all hol og rams are now  recorded by 
an a p p r o p r i a t e  s p l i t - b e a m  technique.
The e x t en sion of opti c a l  h o l o g r a p h y  to aco us t i c a l  
h o l o g r a p h y  stems from the c o n s i d e r a t i o n  that the energy 
used for the h o l o g r a p h i c  r e cordin g proc e s s  must be
1. of a wav e  na t u r e
2. s u f f i c i e n t l y  coherent
A c o u s t i c  fields g e n e r a l l y  meet these two requireme nts. 
Since most acoustic  im ag in g is perf ormed in a gageous or 
liquid m e d i u m  (which cannot support a c o u s t i c a l  tr ans ver se 
waves) the radi ation n o r m a l l y  consists of lo ngitudi na l  
sound w av es which, of course, obey the laws of wave p r o ­
pagation. The c o ndit io n that these w av es  be s u f f i ci en tly  
coherent  is met by the fact that the e l e c t r o n i c  oscilla tors 
w h i c h  excite  the sound tr ansduc er s can a c h i e v e  stabilities  
of one part in a million. In water at 1 MHz, this would 
result in a c o h er ence le ngt h of 1.5 Km. - a quanti ty which 
is e n o rmo us  compared to the coh eren ce  length of a laser.
A l t h o u g h  the f u l f i l l m e n t  of the a b o v e  two requir ements  
by a c o u s t i c  waves p r e d i c t s  the p o s s i b i l i t y  of s u c c e ssfull y 
c o n s t r u c t i n g  an a c o u s t i c a l  di f f r a c t i o n  pattern, and th erefore
3an ac oustic  h o l o g r a p h i c  pattern, some d i f f i c u l t i e s  arise 
in the recording  of this d i f f r action p a t t e r n  and in the 
r e c o n s t r u c t i o n  of the a c o u s t i c a l  hologram. A brief re sume 
of the major proble ms w h i c h  beset a c o u s t i c a l  h olog ra phy 
at its present state follows.
T h e o r e t i c a l  Li m i t a t i o n s
It should be noted that the c o m pl ete a cousti ca l h o l o ­
gr aphic  process req ui res
1. The c o n s t r u c t i o n  of an a c o u s t i c a l  i n t e r fe rence 
pa tte rn (a c o u s t i c a l  h o l o g r a m ) w ith (usually 
longitudinal) acousti c waves of rela tively 
large w a v e l e n g t h s  (generally 0.15 to 1.5 mm
in water)
2. The r e c o r d i n g  of this i n t e r f e r e n c e  pattern to 
obtain the converte d a c o u s t i c a l  h o l o g r a m
3. The r e c o n s t r u c t i o n  of the c o n verte d a co ustical  
h o l o g r a m  with a c o mpl et ely di f f e r e n t  form of 
r a diat io n (light) - This r a d i a t i o n  is t r a n s ­
verse in na t u r e  and of e x t r e m e l y  short w a v e ­
length (6.328 x 10 - ^ mm for a HeNe laser)
The di ffe rent n a t u r e  of the re c o r d i n g  and r e c o n s t r u c t ­
ing w ave s causes p r i m a r i l y  tech n o l o g i c a l  pro blems in r e c o r d ­
ing. The fact that their wavelengths, are va s t l y  di fferent 
imposes severe t h e o r e t i c a l  li mi tatio ns on the entire 
a c o u s t i c a l  imaging process.
Most of the d i f f i c u l t i e s  listed b e l o w  are common to 
all ho l o g r a p h i c  imagi ng systems, but are a c c e n tuat ed  in 
a c o u s t i c a l  hol og r a p h y  by the n e c ess it y to use rel ativ el y 
long w a v e l e n g t h s  in r e c o r d i n g  and very short wave le n g t h s
4for the r e c o n s t r u c t i n g  wave.
Specular R e f l e c t i o n s . R e l at iv e to u l t r a s o n i c  w a v e ­
lengths (0.15 to 1.5 mm) most objects appe ar essent ia lly  
s moo th and act as re fl e c t o r s  with v a r y i n g  deg rees of 
r e f l e c t i n g  power rather than as diffusers. Therefore, 
i mag ing such objects wi t h  acoustic w aves pr esents proble ms  
a na l o g o u s  to those enc ou n t e r e d  in opt ic al ho lo g r a p h y  w hen  
im aging a number of m i r r o r s  which are sit uated in a da rk 
r o o m .
S p e c k l i n g . This p h e n o m e n o n  occurs w h e n e v e r  a rough 
su rface  is "i llu m i n a t e d "  wi t h  coherent radiation. In optics, 
the light which is ref l e c t e d  from n e i g h b o r i n g  points on the 
object produces a s t a t i o n a r y  i n t e r fere nc e pa tt ern in space.
To the eye, this d i f f r a c t i o n  pattern app ears as a speck led 
p a t t e r n  s u p e r im posed on the scattering surface.
The apparent size of these "speck le s" depends on the 
r e s o l u t i o n  of the imaging system. Hence, since the r e s o l u ­
tion of acousti cal imaging systems can be as low as several 
c en timeter s, the size of these "speckl es" can be quite 
large relativ e to the object; and parts of the object in 
the r e c o n s t r u c t e d  image can be co mpl e t e l y  obstr ucted by 
these "speckles".
Sp eckling can be mi n i m i z e d  by i n c r e a s i n g  the r e s o l u ­
tion of the imaging system. Other t ec hn iques which attemp t
5to d e c r e a s e  the g rain size make use of the rando mne ss of 
the speckl ed pattern.
R e s o l u t i o n  L o s s . A s s u m i n g  that the acous t i c a l  h o l o ­
gr aphic  imaging s y s t e m  is capable of res o l v i n g  the i n d i ­
v i d u a l  aco ustical i n t e r f e r e n c e  fringes, the highest r e s o l u ­
tion is obtained by the ap erture that i n terc ep ts the largest 
n um be r of these fr ing es (Rayleigh criterion). It follows 
that the size of the aperture, for a given resolution, 
i n c re ases with the wavele ng th.
Be ca us e of the large w a v e l e n g t h  of acous t i c a l  rad iation, 
the resolution, to w h i c h  one is a c c u s t o m e d  in optical h o l o ­
graphy, cannot be a t t a i n e d  in acou st ical ho log r a p h y  in a
p r a c t i c a l  manner. As a comparison, the r es olutio n that
2 0 
is o b t ai ned from a 1 cm. optical h o l o g r a m  (X = 6328 A) can
be a c h ie ved in a c o u s t i c a l  h o logr ap hy only if the detecto r
a p e r t u r e  is at least 560 square meters (@ 1 MHz. in water).
Image D i s t o r t i o n . Beside s obvious sources of d i s t o r ­
tion such as turbid media, int er actio n of the sound wave 
wi t h  the object, n o n - l i n e a r i t y  of the med ium, etc. a m a j o r
so urce of image d i s t o r t i o n  results from the small ratio y
6 3
of re c o n s t r u c t i n g  to r e cordi ng  wa vel eng th. M ei er has 
d e t e r m i n e d  the effect of such scaling as we ll as of the 
sc ali ng of the h o l o g r a m  dimensions, on the m a g n i f i c a t i o n  
of the r e c o n s t r u c t e d  image. With r e f e r e n c e  to Figure 1-1, 
if the dim ensio ns  of the h o l o g r a m  and object are small
6compared  to zQ , z r and zc , then
m
M l a f  =   Z?
M
lat ^ + mr f_o _  fo (1)
—  y zc z r up per sign - virtual image
lower sign - real image
+ 1 M 2
l o n g = y lat 
where
M ^ at = lat eral m a g n i f i c a t i o n  of the recon s t r u c t e d  image
M f o n g  = long i t u d i n a l  m a g n i f i c a t i o n  of the r e c o n s t r u c t e d 
image
m = the ratio of the dime nsions  of the h o l o g r a m 
during the r e c o n s t r u c t i o n  pr oce ss to the 
d i m e n s i o n s  of the h o l o g r a m  during the re c o r d i n g  
proce ss (h olo gram dim e n s i o n  scaling)
y = the ratio of the w a v e l e n g t h  of the r a d iati on
during the r e c o n s t r u c t i o n  pr ocess  to the w a v e ­
length of the ra diation during the rec or ding 
process
z c = radius of cu r v a t u r e  of the object beam
zr = radius of c u r va ture of the r e fere nc e beam
z c = radius of cu rva ture of the r e c o n s t r u c t i n g  wa v e
In optical h o l o g r a p h y  neither h o l o g r a m  nor w a v e l e n g t h  
sc al in g is us ua ll y necessary.  With m = y = 1, an u n d i s t o r t e d  
image ( M ^ at| = | M ^ o n gJ ) of unit m a g n i f i c a t i o n  is re adily 
ob tai n e d  by ch oos ing zc = z r .
The situat ion is quite different in acou stical  h o l o ­
graphy since y is c o m monl y 10 “^. Wi th o u t  any scaling of 
the h o l o g r a m  dime n s i o n s  (m=l), the l o n g i t u d i n a l  m a g n i f i c a ­
tion of the r e c o n s t r u c t e d  image us ually exceeds the la teral
7Obj ect point
z
R e f e r e n c e  source
?x
Ge o m e t r y  for the r e c o r d i n g  process
R e c o n s t r u c t i n g  sourc e
x
G e o m e t r y  for the r e c o n s t r u c t i o n  process
= x/x'
= y/y'
F i g u r e  1-1 T y p i c a l  ge ometry  for the ho lo gr a p h i c  r e c o r d ­
ing and r e c o n s t r u c t i o n  process
8m a g n i f i c a t i o n  by se ve r a l  orders of magnitude,
It is possible, however, to ob t a i n  an u n d i s t o r t e d
image, that is, M i at = ong when
m (1 - m z D / z c ) = y(l - z0 /zr) (3)
In pa rticular, if the refer en ce and r e c o n s t r u c t i n g  wa ves 
are both plane (zr = z c = °°), an u n d i s t o r t e d  image results 
w he n m = y. Hence, for this case, the h o l o g r a m  d i m e n s i o n s  
must be reduced by 10^. An ot her spec i a l  condit ion arises
w h e n  zr = zQ (Fourier h o l o g r a m ) , in w h i c h  case 
N l o n g  = h when m = zc / z r .
Mi a t
U nf or tu n a t e l y ,  this simple co ncept of scaling in order 
to ach i e v e  an u n d i s t o r t e d  r e c o n s t r u c t e d  image cannot be 
fully realized in p r a c t i c e  since the scaled h o l o g r a m  is too 
small to s u c c e s s f u l l y  re co ns t r u c t  the image and the r e su lt ant 
image, w hi ch  is also de m a g n i f i e d  by 10^, requires the use of 
a m i c r o s c o p e  to vi e w  it properly.
9 2 9 3
T h u rs ton& has inv e s t i g a t e d  other types of sca ling 
w i t h  some e n c o u r a g i n g  results, but the fact remains that 
the n e cessa ry  w a v e l e n g t h  scaling im poses serious l i m i t a t i o n s  
on the three d i m e n s i o n a l  aspect of a c o ustic hologr aphy.
T e c h n o l o g i c a l  Pro bl ems
The second m aj or  type of p r o bl ems that confront 
ac ou s t i c a l  h o l o g r a p h y  results from the lack of a suitab le  
d ev ic e that can record the a c o u s t i c a l  d i f f r a c t i o n  pa tt e r n  
in a c o mplet el y s a t i s f a c t o r y  manner.
9It may be a p p r o p r i a t e  to list some of the d e s i r a b l e  
features that a s u i t a b l e  de tector should display
1. Low s y s t e m  co mpl exi ty
2. High s en sitivi ty
3. High selec t i v i t y  to the frequency  of v i b r a t i o n
4. High res ol u t i o n  c a p a b i l i t y
5. I n s e n s i t i v i t y  to the angle of incide nce
In addition, a l t h o u g h  the i n t r o d u c t i o n  of non li n e a r i t y  is 
m a n d a t o r y  in the rec o r d i n g  of a hol ogram, the d e t ect or  
itself may be either  a linear or a s q u a r e - l a w  de vi ce - a 
fact which is i m portant  in a c o u s t i c a l  h o l o g r a p h y  since a 
linear de tector allows the "s i m u l a t i o n "  of a re f e r e n c e  wave 
(see Chapter II).
Of course, the de tecto r should also respond to some 
c h a r a c t e r i s t i c  of the a co ustical  i n t e r f e r e n c e  pattern. The 
c h a r a c t e r i s t i c s  that are often used can be grouped as follows
1. Basic parameters
a. in stan t a n e o u s  pr es s u r e
b . veloc i t y
c. v i b r a t i o n  amp l i t u d e
d . density
2. Q u a d r a t i c  effect
a. r a d iation p r e s s u r e
3. Se c o n d a r y  effects
a. heating
b. ca vitation
c. action on a p h o t o g r a p h i c  emu lsion
Evidently, such a large number of c h a r a c t e r i s t i c s  of 
the a c oust ic al d i f f r a c t i o n  patt e r n  leads to a v a r i e t y  of 
u l tras on ic detec tors. A number of these are d e sc ri bed in 
Chapter  II, and fr om that dis cu ssion,  it will bec om e apparent
10
that those sys t e m s  w h i c h  respond to the in stantan eo us p r e s ­
sure, v e l o c i t y  or v i b r a t i o n  amp l i t u d e  (linear detectors) can 
be quite se nsitive, but usually re quire some means of 
scanning. This scanning, w h i c h  may be mechani cal, optical, 
or electronic, us ua l l y  makes the sy stem rather complex.
The s o - c a l l e d  n o n - s c a n n e d  det ector s are us ua ll y non- 
selective devices w h i c h  make use of sec on da ry effects, and 
no rma l l y  their s e n s i t i v i t y  is se ve ra l orders of ma g n i t u d e  
lower than that of the scanned d e te ct ors (e ssentially 
b e c a u s e  e l e c t r o n i c  a m p l i f i c a t i o n  is not possible).
Furthermore , most ul tr a s o n i c  de tectors require that 
the sound w a v e  impinge at near normal incidence. However, 
this requir e m e n t  may be of r e l a t i v e l y  minor impor t a n c e  if 
the re fer ence wave can be s i mu lated artificially.
Re m e m b e r i n g  the above des i r a b l e  features, it will 
become evident that, despite the exi st ence of a great 
va ri et y of u l t r a s o n i c  detectors, none of these at present, 
fulfill their fu ncti on  in such an admirable man ne r as does 
their counte rpart,  the p h o t o g r a p h i c  emulsion, in optica l 
h o l o g r a p h y .
The resea rc h w hich is de s c r i b e d  in this d i s s e r t a t i o n  
is concerne d w it h this pr oblem of re cor ding the ac ou s t i c a l  
d if fr a c t i o n  pattern. In particul ar, the concept of using
11
the i n t e r f e r o m e t r i c  pr operties of optica l h o l o g r a p h i c  tech-
\
niques to record the ac oustical d i f f r ac tion pattern, is 
explored. The w o r k  encomp asses a somewhat d e t ai le d study 
of using a c o u s t i c a l  resonant "matc h i n g "  plates to aug ment  
the vib r a t i o n  a m p li tu de of points wit h i n  the a c o u s t i c a l  
in ter ference  pattern. Other met ho ds of a m p l i f i c a t i o n  (not 
studied in detail) are also propo s e d  (see Chapter s V and 
VI) .
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C h a p t e r  II
R E V I E W  OF SONIC AND U L T R A S O N I C  DETEC TO RS
In this chapter, some of the numer ous a c o u s t i c  image 
detectors are brie f l y  des cribed. The variou s image c o n ­
verters are pre sented in two major groups, na m e l y  n o n ­
scanned and scanned detectors. N o n - s c a n n e d  de t e c t o r s  are 
further c l a s s i f i e d  in ac co r d a n c e  wit h  the d o m inant m e c h a n i s m 
r es po n s i b l e  for detection, w h i l e  scanned det e c t o r s  are 
class ifi ed on the basis of the type of scannin g used.
As these de tec tors are di scu ssed,  their a p p l i c a t i o n  
to acousti cal hol og raphi c systems is noted. Finally, a 
com pa ri son of non-s ca nned and sc anned detecto rs is made 
w ith  r e ferenc e to the d e s i r a b l e  c h a r a c t e r i s t i c s  listed 
on page 9.
Further surveys and listings  of acoustic image
detectors can be found in r e f e r e n c e s  7, 35, 51, 75, 86
75
and 96. Of these, the surveys by Roze nberg and more
7
recently by Berger are p r o b a b l y  the most complete.
No n-Sc a n n e d  Detect or s
The n o n - s c a n n e d  de tec tor s w h i c h  are des c r i b e d  here 
generally have one common fe at ure - they do not make use 
of mech a n i c a l  resonance. Since the detection  is usually 
based on qu a d r a t i c  or s e co nd ary effects, these detector s 
are squa r e - l a w  devices and therefore, they ex hibit no 
frequency selectivity.
13
P h o t o g r a p h i c  and c h e m i c a l . The fact that aco us tic
ra di at ion inf luences a p h o t o g r a p h i c  emul sion was first
56
reported by M a r i n e s c o  in 1933. He a ppa re ntly ma de use
of the f l u o r e s c e n c e  wh ich is assoc i a t e d  with c a v i t a t i o n  
44
of the medium. It was this w e a k  emission of light w hi ch
caused the latent image. His results were c o n f i r m e d  by
E r n s P a n d  Bennet who i r r a d i a t e d  p h o t o g r a p h i c  emu lsion s
with r e l a t i v e l y  high acou s t i c  i nten si ties (greater than 
2
1 wa 1 1 /cm ) .
6
Later Be nnet d e m o n s t r a t e d  that l u m i n e s c e n c e  is not 
a n e c e s s a r y  fe ature to p r o d u c e  an image, i.e. a direct 
action of the acoust ic r a d i a t i o n  on the e m u l s i o n  exists.
Using b ot h w a t e r  and a d e v e l o p e r  so lut ion as the t r a n s ­
mi tti ng medium, Bennet also found that the de g r e e  of 
so ft en ing of the emulsi on a f f e c t e d  the speed of the image 
f ormat i o n .
8
This effect was co n f i r m e d  by Berger, not in g that by 
pre-so a k i n g  the emulsion for 3 to 4 hours, the u l t r a s o n i c  
ex pos ure time can be redu c e d  from 4 hours to one hour.
He also co n f i r m e d  that e m u l s i o n  speed, i.e. the light 
sensit i v i t y  of the emulsion, has no effect on the u l t r a ­
sonic exposure  time.
The above methods re qui re d that the emul s i o n  be 
exposed to the sound r a d i a t i o n  in a darkroom. But in the
g
same article, Berger also r e p or te d exposures w i t h o u t  da rkroom
14
techniques. Wi t h  an i o d i n e - w a t e r  so lutio n as the t r a n s ­
mitting medium, a l i g h t - e x p o s e d  p h o t o g r a p h i c  e m u lsion 
ye llo wed in ir rad iated  areas; furth ermore, these areas 
b eca me more resis ta nt to fixing. Thus, upon fixing, the 
film is clear in u n i r r a d i a t e d  re gio ns and y e l l o w  in 
irr ad ia ted areas.
94
As a v a r i a t i o n  of this technique, T o r k i k a i  and 
2
Ar k h a n g e l  skii u 1 t r a s o ni cally exposed ordin ar y light- 
exposed p h o t o g r a p h i c  paper s u s p e n d e d  in a de v e l o p e r  
solution. It was reported that the ult ras on ic field is 
able to a c c e l e r a t e  p r oc esses w h i c h  are ass oc i a t e d  with 
the d i f f u s i o n  of the dev e l o p e r  into the ge lati n layer of 
the p h o t o g r a p h i c  paper. By an ex ha u s t i v e  set of e x p e r i ­
ments, A r k h a n g e l 'skii d e t e r m i n e d  the re lativ e b l a c k e n i n g  
of the pa per as a functi on of the ul tr a s o n i c  e x p osur e 
time and the acous tic intensity. A thresh old inte nsity  
of 0.05 w a t t / c m  for a 40 second ex po sure time was reported. 
He fu rther noted that the r e s o l u t i o n  of the d e t e c t o r  could 
be equal to the thickness of the p hotola ye r (0 . 0 1  mm.) if 
s tr eaming eff ects are eliminated.
The me t h o d  of u l t r a s o n i c a l l y  exposi ng a p h o t o g r a p h i c
em ulsion has be en used to record acou stical  hologra ms. In
a mann er c o m p l e t e l y  a n alogou s to s p l i t - b e a m  optica l holo- 
34
graphy, Gr eg u s s  used two sound waves, one acted as a r e f e r ­
ence wa ve w h i l e  the other i n s o n i f i e d  the object. A holo gr am
15
was p r o duced by sub jecting a p h o t o grap hi c e m u l s i o n  to the 
intense r a d i a t i o n  of the two int er fe ring sound waves.
Wh e n  water, which n o r m a l l y  contains air bubble s, is 
su bje cted to intense acoustic  radiation, c a v i t a t i o n  of 
the w a t e r  m e d i u m  results. This process w hi ch releas es 
oxygen and s u b s e q u e n t l y  h y d r o g e n  pe roxide (H2 O 2 ) , can be 
used to ox id iz e variou s organic compounds.
37,77
Rust, Haul, and Studt r e p o r t e d l y  made use of this
method by o x idi zi ng a p o t a s s i u m - i o d i d e - s t a r c h  solution.
They c o n s t r u c t e d  a mosaic of 8x 8 cells and filled each
with the p o t a s s i u m - i o d i d e - s t a r c h  solution. Up on oxidation,
this s o l u t i o n  releases iodine; hence the color of the
solution be comes blue in areas of high ultra s o n i c  intensity.
The au thors  perform ed several e xperi me nts w hi ch indic ated
that the amount of iodine se parated from the s o l u t i o n  is
linearly p r o p o r t i o n a l  to the u l tr asonic in t e n s i t y  and
exposure time. It was also de mo nstrate d that the individual
cell thi ck ne ss must be larger than one w a v e l e n g t h  in order
to obtain any chemic al reaction. The threshold intensity
2
of this me t h o d  was re ported to be 0.4 w a t t / c m  (presumably 
cavitat io n did not occur below this value), however, by 
adding small amounts of carbon t e t r ac hl oride (C CI 4 ) or 
c h l o r o f o r m  to the medi um the threshold intensity was lowered 
to 0.07 watt/c m^.
16
O th er  com po unds w h i c h  have been ox idized u l t r a s o n i c a l l y  
24
are leucobases. These su bs t a n c e s  are obt ained from dyes and, 
upon oxidation, they regain their origina l color.
4
In a so mew hat  dif fe rent manner, Bennet used sound
waves to a c c e l e r a t e  the r e a c t i o n  be twee n st arc h and iodine.
He co n s t r u c t e d  a starch pl ate and placed it in w at er to
which a dilut e solut ion of iodine had been added. Those
areas w h i c h  w e r e  irr adiated by u l tra so und as sumed  a bluish
tint, and the result ant  image was sem i-p er ma nent. A
o
s ensit iv ity of 1 w a t t / c m  for a one minute  e x p o s u r e  time 
was reported.
T h e r m a l . Any ma ter i a l  whic h is ir rad iated  by s u p e r *  
sonic w aves will absorb a ce rta in  amount of energy  and will 
usu ally convert most of this into heat. This h e a t i n g  effect 
can be u t i lized either d i r e c t l y  or in dir ectly  in both  scanned 
and n o n - s c a n n e d  detectors.
24 77
Ernst and Rust made use of this effect by i rrad ia ting 
t h e r m o c hr om atic m a terial s (the color of these m a t e r i a l s  
depends on their temperature) and re cording their changes 
in color in areas of high a c o us ti c intensity.
97
This met ho d was further ad va nced by W o o d m a n s e e  who
suggested the use of liquid crystals, a good i n t r o d u c t i o n
25
to wh ic h is given by Fergason. W o o d m a n s e e  noted that 
certain m i x t u r e s  of ch oles t e r i c  liquid crysta ls change
17
their color from red to blue w i t h i n  one second for a 
tem pe ratu re  change of 1°C. H o l o g r a m s  using a liquid
3
crystal disp l a y  have recently b een reported by Augu st ine.
The he at i n g  effect may also be used to affect the 
lu m i n es cence of t h e r m o - s e n s i t i v e  phosph or s w hic h have p r e ­
viously b ee n saturated  (excited) - us ua lly by u l t r a v i o l e t  
r a d i a t i o n .
53
Leist n e r  and Herf orth i n v e s t i g a t e d  the effect of 
ultrasoun d on the l u m i n esce nc e of co n t i n u o u s l y  excited 
phosphors and found that the l u m i n e s c e n c e  may be increas ed 
or decrea se d whe n irr adiated u l t r a s o n i c a l l y .
78
Sc h r e i b e r  and Degner also saturate d a ph osp ho r 
(ZnS-Cds) w i t h  ultrav io let radi ation,  and then re moved  the 
ult ra viol et  source and u l t r a s o n i c a l l y  exposed the pho sp hor 
from 5 to 30 seconds. They d e m o n s t r a t e d  that the p h o sp hor 
exper ie nced an exti nction of p h o s p h o r e s c e n c e  in areas of 
high acou st ic intensity.
69
Petermann, using a Ca-SrS p h o s p h o r e s c e n t  plate, obtained
similar results. He report ed a thr es ho ld intens it y of 0.05 
2
wa tt / c m  wit h  a r e so lution  of 0.2 mm at 3 MHz and wi t h  a
14
one minute e x p osure time. Chomse, Hoffmann, and Seidel 
observed this q u e nc hi ng also w i t h  organic phosphors.
M e c h a n i c a l  and O p t i c a l . A very simple and quite
71,72
sensitive m e c h a n i c a l  detect or is the Po hlm an cell w h i c h
18
makes use of the "r adi a t i o n  p r e ss ur e" of acoustic waves.
10
As described by Borgnis, " rad ia tion pres sure"  is not a 
pr ess ure in the usual sense of the word, but rather, it is 
a tensor. This tensorial c h a r a c t e r i s t i c  is utilized in 
the Pohlman cell in the fo llowing manner.
R ef e r r i n g  to Figu re 2-1, the a l u m i n u m  disks in the
upper and lower region of the cell w h e r e  no sound is present,
are randomly o r i ente d due to norm al thermal motion, and
light re fle cted from these flakes u n i f o r m l y  illum inates
the screen. However, under the i n fl uence of ultrasound,
the " r adi at ion pre ssure" exerts sh ea ri ng forces on the
disks and tends to align them n o r m a l l y  to the ul tr a s o n i c
beam. The r e s ul ta nt light d i s t r i b u t i o n  on the screen  will
then consist of br ight areas due to light reflected from
ali gned disks, s u p e r impose d on a grey b ac kg round due to
light reflecte d from randomly o r i e n t e d  disks. A threshold
— 7 2in tensity of 3 x 10 wat t/cm with a reaction time of 
sev eral mi nu tes was reported.
It is a p p a r e n t  that if a sound wave is to be detected,
it must be able to orient a large number of aluminum disks
in the same directi on. Hence, only sound waves w h i c h  are
n ear ly plane can be detected su ccessfu ll y. A co n s e q u e n c e
of this is that the Pohlman t e c hn iq ue is limited to the
95
t h r o u g h - t r a n s m i s s i o n  method of m a t e r i a l  inspection, i.e.
Gabor holography.
19
A l u m i n u m  disks ----
suspende d in Xy le ne 
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M e m b r a n e
G las s w i n d o w
Screen
Fi g u r e  2-1 The P o h l m a n  Cell
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The " r adiat io n pr e s s u r e "  may also be used to deform
a surface. If the su rf a c e  is a liquid- air interface, it 
67
has be en shown that the su rf a c e  d e f o r m a t i o n  due to two 
in t e r f e r i n g  acoustic wave s consis ts of the s u p e r p o s i t i o n 
of the follo wing three components:
1 . a large, static and spatia lly u n i f o r m  d i s ­
placement
2 . a spa t i a l l y  v a r y i n g  de f o r m a t i o n  in de pen dent 
of time
3. a small spatial and time v a r y i n g  de f o r m a t i o n  
The time independent, s p a t i a l l y  va rying d e f o r m a t i o n  is the 
d o m inant i n f o r m a t i o n - c a r r y i n g  process and it is a function 
of the re sul tant aco us tic intens it y d i s t r i b u t i o n  at the 
interface. The rec o r d i n g  of this d e f o r m a t i o n  consti tut es 
the c o n ve rted a c o u s t i c a l  hologram.
The de formed su rfac e (analog relief pattern) may be
o b s e r v e d  by ref le ct ing light from (or r e f r a c t i n g  light
79
through) the surface. (Schuster shows that the re fle ction  
me t h o d  is more s e n si ti ve than the r e f r a c t i o n  method.)
Using reflected light, there are b a s i c a l l y  two methods
a v a i l a b l e  for forming an image of the analog relief pattern.
80
1. The Topler "d ar k-fiel d"  me t h o d  is illus tra ted 
in Figu re 2-2. The lens is p o s i t i o n e d  so that 
it images the w at er  surface onto the screen, 
and the sp at ial filter (which is situat ed in 
the focal plane of the lens) is adjusted, in 
the ab se n c e  of ult ra so und at the interface, so 
that none of the light is al lo we d to pass.
When the su rf ac e is deformed by a sound wave, 
some of the light is deflec ted past the "stop"
21
F = focal length of lens
M i r r o r
Spatial
filterLens
S creen
P a r t i a l  mirr orC o l l i m a t e d
light
De fo rm ed surface
Tank
I n t e r f e r i n g  sound wa ves
Figure 2-2 Topl er "d a r k - f i e l d "  method  for imagin g the 
analog relief patt e r n
22
and illumi nat es the screen. Hence, re gio ns  of 
the sur face w h i c h  are ins on if ied are imaged 
b r i g h t l y  on a dar k  ba ckground. Of course, the 
" ne gative"  of this image can be obt ained if the 
"stop" is replaced wi th a circular a p e rt ure 
w h i c h  passes only u n d e f l e c t e d  light.
88
2. A me thod sug ges te d by So ko lo v (see Fi gure 2-3) 
and further analyze d by P i g u l e v s k i i  (70) also 
relies on the c u r v a t u r e  of the di f f e r e n t  surface 
elements of the re li ef pattern. An image of the 
relief pa ttern is formed on the screen  by virtue 
of the fact that the c r o s s - s e c t i o n a l  area and 
hence the r a d ia nc e of the light pe nci ls reflec ted 
from dif f e r e n t i a l  elements of the relief pattern 
v ari es wi th the cu r v a t u r e  of that element. Co n­
sequently, in the image, ins onif ie d regions of 
the su rfa ce ap pear darker than those reg ions 
w h i c h  are not insonified.
A l t h o u g h  the liquid surf a c e  "lev itation" t e ch nique is
11,31,67
a simple and convenie nt c o n v e r s i o n  method, an alyse s show 
that the su rfa ce de form a t i o n  is not directly  p r o p o r t i o n a l  
to the a c o u s t i c  intensity at the interface; but rather, 
the c o n v e r s i o n  process sup pr e s s e s  high spatial frequencies. 
This dec r e a s e s  the resol u t i o n  and introduces image d i s ­
tortions. Further d istorti on s result from the large, static 
d i s p l a c e m e n t  wh ich  is s p a t i a l l y  un iform only for the i n t e r ­
ference of two unb ounde d plane waves.
The op ti cal system w h i c h  is used to image the analog 
relief p a t t e r n  produces a " h i g h - p a s s "  filteri ng  effect on 
the image since the irra d i a n c e  in the image is relat ed to 
the sp at ia l deriv a t i v e  of the heigh t of each d i f f e r e n t i a l  
surface element. Hence, the overall conv ersion process 
from the a c o u s t i c  intensity  at the liquid-air i n t er face 
to the i r r a d i a n c e  in the op ti ca l image exhibits "ba nd -pass "
23
Mi rr o r s
Co ll imated
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Screen
Surface d e f o r m a t i o n
I nt er fering  a c o ustic  waves
Figure 2-3 M e t h o d  after Soko lo v for imaging the analog  
relief pa ttern
24
ch aracter istics.
68
M u e l l e r  and Sheridon used the Sokolov m e t h o d  of 
recording a c o u s t i c a l  holograms. However, the q u a l i t y  of 
the r e c o n s t r u c t e d  images was poor be ca u s e  of a b e r r a t i o n s  
due ma i n l y  to streami ng and o s c i l l a t o r y  d i s t u r b a n c e s  of 
the w at er surface.
29
These d i s t u rb ances can be m i n i m i z e d  by u s i n g  a 
se par ate c o n t a i n e r  for the d e f o r m i n g  liquid. This also 
permits the use of a liquid ha v i n g  a low surface tensio n 
to in cre a s e  the spatial f r e q u e n c y  re spo nse of the surface 
(see F i g u r e  2-4).
The Tqpler and Sokolov r e c o r d i n g  techniq ues could be 
pe rf ormed wit h  "white" light. It is recognized, however, 
that the analog relief p a t t e r n  is itself a hologram. Hence, 
if collimated, coherent light is re fle cted from (or ref racted  
through) the de formed surface, the deform a t i o n  will phas e 
mo d ula te  the light to form an image of the or ig i n a l  object. 
The a r r a n g e m e n t  for this o n e - s t e p  imaging pr ocess is i l l u s ­
trated in Fi g u r e  2-5. The spat ial filter "stops" the zero 
di f f r a c t i o n  order which is no ise and allows the first d i f f ­
raction orders  to form the two images. The v i e w i n g  optics 
merely m a g n i f y  the lateral d i m e n s i o n s  of the image.
11,12,84
Several  authors have used this real-t ime imaging t e c h ­
nique and o b t ai ne d some of the best h o l og ram r e c o n s t r u c t i o n s  
to date. T h r e s h o l d  i ntens it ies have been rep or ted to be
25
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I n t e r f e r i n g  acoustic waves
Thin me mbr a n e
Figur e 2-4 M e t h o d  for m i n i m i z i n g  u n w anted distur ba nces 
of the surface d e f o r m a t i o n
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2
b e t w e e n  1.5 and 10 m i l l i w a t t / c m  .
98
As a v a r i a t i o n  of this technique, Y oung  and Wolf 
de f o r m e d  a t h e r m o p l a s t i c  mater ia l w h i c h  was heated du ring 
the ultrasonic exposure. Upon coo li ng the plastic, a 
pe r man en t record of the d e f o r mation  was ob tained ("phase" 
h o l o g r a m ) .
30
Recently, G reen refined the 1 i q u i d - s u r f a c e - r e l i e f  
m e t h o d  by e l i m i n a t i n g  the acoustic r e f e r e n c e  wave and usin g 
instea d an u l t r a s o n i c  diffra c t i o n  gr at i n g  to modulate the 
a c o u s t i c  image onto a high frequency, sp ati al carrier (see 
Fi g u r e  2-6). The t e chniqu e appears limited, however, to 
" f o cu se d image hol og rams".
Sc ann ed Detector s
It is apparen t that detectors w h i c h  make use of 
m e c h a n i c a l  res o n a n c e  can increase b ot h their sel ec tivity 
and sensitivity. Further, if the a c o u s t i c a l  signal is 
c o nver te d to an e l e c t r i c a l  signal, even greater increases 
in se nsi tivit y can be realiz ed by u t i l i z i n g  electronic 
amplif icat i o n .
Becau se of the r e l a t i v e l y  low u l t r a s o n i c  frequenci es 
(1 - 10 MHz.) such linear detectors are readily available; 
howev er,  with the e x c e p t i o n  of the d e te ctors suggested by 
this author (see Cha p t e r  V), all r e s o n a n t  detectors p r o p o s e d  
to date must be scan ne d in order to ex plore the various
27
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F i g u r e  2-5 R e a l - t i m e  h o l o g r a p h i c  imagin g w ith the liquid 
surface d e f o r m a t i o n  method
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Fi gur e 2-6 A r r a n g e m e n t  of an u l t r a s o n i c  grat i n g  in the 
liquid su rface relief c o n v e r s i o n  sy st em
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points on the h o l o g r a m  plane.
A n o t h e r  d i s a d v a n t a g e  of all resonant  d e t ect or s is 
their ex treme angular sen sit iv ity. In order to m i n im ize 
lateral "s preadi ng " of the a cou st ical d i s t ur bance,  the 
incident sound waves must impinge nearly n o r m a l l y  to the 
d e t ec tor surface. In practi ce, this w oul d p r e c l u d e  their 
use in s p l i t - b e a m  a c o u s t i c a l  holo gr a p h i c  im aging systems 
since the an gul ar s e p a r a t i o n  be twe en  the object and r e f e r ­
ence wa ves is limited to a few degrees.
This problem, howeve r, is ef f e c t i v e l y  solved by " s i m ­
ulating" (usually e l e c t r o n i c a l l y )  the re f e r e n c e  wave. Since 
the d e t ector itself is linear, the co r r e l a t i o n  betw e e n  the 
r ef e r e n c e  and object si gna ls at each point of the aperture 
can be pe r f o r m e d  e l e c t r o n i c a l l y  and the n o n - l i n e a r i t y ,  which 
is m a n d a t o r y  for the r e c o r d i n g  of any hologra m, can be i n t r o ­
duced at a later stage of the dete ct ion pr ocess  (see Figure
2-7). By a p p r o p r i a t e  pro g r a m m i n g ,  any r e f e r e n c e  wa v e  can be 
19
simulated. Hence, w i t h  this technique, if the object wave 
can be selecte d to be ne a r l y  normal to the de te ctor aperture, 
no a c o u s t i c a l  i n t e r f e r e n c e  p a t t e r n  is a c t ually formed; thus 
gr eatly  red ucing image disto rtion.
O b v i o u s l y  the d e t e c t o r  a p e rt ur e can also be scanned
21
wi t h  a s q u a r e - l a w  device  such as a t h e r m ocoup le  probe, but 
the m ore  int er esting  a c o u s t i c a l  image co nve r t e r s  w hich will
30
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M i c r o p h o n e
O s c i l l o s c o p e
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Figure 2-7 A m e c h a n i c a l l y  sc an ne d image con v e r t e r  using 
a m i c r o p h o n e  point de tecto r and a cathod e ray 
tube for visua l disp la y
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be des c r i b e d  p r ese nt ly ma ke use of scanning wi t h  linear 
detectors.
65,66
M e c h a n i c a l . A simple, sc anned image co n v e r t e r  is i llu s­
trated in Figure 2-7. A m i c r o p h o n e  (21 KHz) m e c h a n i c a l l y  
scans the a p e r t u r e  plane by means of the X, Y dr iv i n g  signal. 
The amp l i f i e d  and rectified signal then i n t en si ty m o dula te s  
(z-modulates) a CRT whose e l e c t r o n  beam is d e f l e c t e d  by the 
same X, Y drive; so that the r a d ian ce  of a point on the CRT 
is p r o p o r t i o n a l  to the acoustic pr ess ure  of the c o r r e s p o n d ­
ing point in the aperture plane. The res ul ti ng radian ce  
d i s t r i b u t i o n  may be p h o t o g r a p h e d  to obtain a p e rm an ent  
record of the d i f f r action pa tt e r n  of the object.
Since the m i c r o p h o n e  is a linear device, it is possible
to e l e c t r o n i c a l l y  simulate an a c ou stical re f e r e n c e  wave.
59 64
This was d e m o n s t r a t e d  by Ma s s e y  and M e t h e r e l l  (see Figure
2-8). In this arr an gement the phase of the e l e c t r i c a l
"r efe rence" signal is i nde pe ndent of the i n s t a n t a n e o u s
sensor position ; hence, a plane wave, nor mally incident  to
the h o l o g r a m  plane is simulated. The light bulb introduces
the n e c e s s a r y  n o n - l i n e a r i t y  di s c u s s e d  on page 29.
Similar arrangements, using a piez o e l e c t r i c  crysta l
as the "point" transducer, have also been used in mech an i-
11, 1 2 , 2 0 , 7 3 , 8 3  , „
cally sc an ned d e t ec tion systems. The p i e z o e l e c t r i c  crystal
is chosen to reson ate in its f u n d a me ntal thicknes s mode,
i.e. thi ckness = A/2.
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F igu re 2-8 A m e c h a n i c a l l y  sc anned image con v e r t e r  using 
a plane, e l e c t r o n i c a l l y  simulated r e fe re nce 
wave
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The image co nve rte rs d e sc ribed thus far have used a
87
"point" t r ansduce r to scan the a p e r t u r e  plane. Sok ol ov 
di sco vered that a large p i e z o e l e c t r i c  cr yst al e s s e n t i a l l y  
behaves as a mo s a i c  of many "point" crystals in that the 
voltage induced across  the crystal at a certai n point is 
directly p r o p o r t i o n a l  to the i n s t a n t a n e o u s  pr ess ure  at that 
point. A l t h o u g h  there is not an exact one to one c o r r e s ­
pondence bet w e e n  v o l t a g e  and p r e s s u r e  at each point due to 
transverse mode coupling, the latera l spread is u s u a l l y  
confined to less than a m i l l i m e t e r  (at 4 MHz.) and is least 
wh en the crystal re sonat es in its f u n d a ment al  thickness 
mode. Sokolov p r o po sed a m e c h a n i c a l  scanning  system using 
the Nipkow disk as we ll as an e l e c t r o n i c a l l y  scanned sy stem 
to record the charge d i s t r i b u t i o n  across the face of the
90
Based on Sok olo v' s discovery, Su cklin g devise d an 
image v i s u a l i z a t i o n  system  in w h i c h  a capacity  probe 
m e c h a n i c a l l y  scans the surface of a mosaic  of nine, one 
square inch, X-cut p i e z o e l e c t r i c  quartz crystals (see 
Figure  2-9).
E l e c t r o n i c . As was me n t i o n e d  on page 33, the v o l t a g e
or charge d i s t r i b u t i o n  across a p i e z o e l e c t r i c  crystal  due
to a c o r r e s p o n d i n g  pr ess ur e d i s t r i b u t i o n  can be ev a l u a t e d
at each point by electro nic means - us ua l l y  a scan ning
87
elect ron  beam. So kol ov was the first to propose such a
34
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Fi g u r e  2-9 An u l t r a s o n i c  image conv er ter w hich  scans 
the v o l t a g e  di st r i b u t i o n  on the face of a 
mo sa ic  of piez o e l e c t r i c  cr ystals
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system; w it h some m o d i f i c a t i o n s ,  it is known as the u l t r a ­
sonic camera. A d e s c r i p t i o n  of the basic So ko lo v tube 
fo llows (see Fi gure 2-10).
The Sokolov tube res e m b l e s  the cathode ray tube in 
that both contain an el ectro gun in vacuum. The faceplat e 
of this p ar ti cular dev ic e is a p i e z o e l e c t r i c  cr ystal which 
is cho se n to resonate in its f un da mental  thicknes s mode. 
In cid ent u l t r a s o u n d  crea tes resona nt v i b r a t i o n s  of this 
cr yst al and leads to the fo r m a t i o n  of cha rges of alternat e 
sign on the inside su rf ace of this crystal. As the high 
en ergy el ect r o n  be am st rik es a point on this surface, the 
c rys tal ch arg e at that point influences s e c o n d a r y  emission. 
Hence, the second ar y e m i s s i o n  current a m p l i t u d e  mod u l a t e s
the anode current as the bea m  scans the cr ys ta l surface.
M o d i f i c a t i o n s  of this basic de tec tor have included:
86
1. L o w - v o l t a g e  scan ni ng (no se c o n d a r y  emission)
2. A d d i t i o n  of s t a b i l i z i n g  el ect r o d e s  and an
electr on m u l t i p l i e r  (42)
86
3. Pa r t i a l l y  m a t c h e d  crystal faces
13
4. Ch a r l o t t e  wind o w s
The p e r f o r m a n c e  of the u l t r a s o n i c  camera has been
4 0 - 4 3 , 4 5 , 8 6
i n v e s t i g a t e d  by se ver al authors, and an exce ll ent d e s ­
c r i p t i o n  of the hi stor y and the present s t a t e - o f - t h e - a r t
85
of the u l t r a s o n i c  camera is given by Smyth. The consensus 
i n di cates that, due to mode coupling, the r e s o l u t i o n
36
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E l e c t r o n i c  gun
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Reson a n t  fac e p l a t e  (quartz crystal)
Figure 2-10 The basic u l t r a s o n i c  camera
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c a pabi li ty of the fac eplate is of the order of the cr ystal
thickness (for example, 0.2 mm @ 15 MHz for a quartz crystal).
The crystal t h ic kness cannot be ma d e  ar b i t r a r i l y  small,
however, since the facepl ate must sup port a vacuum. For the
same reason, the size of the a p e rture cannot be made arbi-
-7 -9trarily large. Pr a c t i c a l  sensi t i v i t i e s  of 10 to 10
2 -11 
w a t t / c m  have been  reported, w hile  s e n s iti vi ties of 10
, 2 41,85
w a t t / c m  are e x p ected in the future.
The u s e f u l n e s s  of the u lt ra sonic camera in the area
of n o n - d e s t r u c t i v e  testing has been well established.
W it h the i n t r o d u c t i o n  of an a c o u s t i c a l  refer ence wave,
57
Marom, Fritzler, and Mu el ler also d e m o n s t r a t e d  its use in 
an ac ous tic al h o l o g r a p h i c  system (Figure 2-11). In the 
ar rangemen t shown, the angular s e p a r a t i o n  between the object 
and reference waves was m a inta in ed at 1 0 ° in order to m i n i ­
mize bro ad e n i n g  of the image detail as discu ssed on page 3 3 .
A res ol ution c a p a b i l i t y  of 1 mm at 7 MHz was reported.
The s e n s i t i v i t y  of the system, its resolution, and
the angular s e p a r a t i o n  of the r e c o n s t r u c t e d  images was
27
s u b s e quen tl y improved by the same authors by using an 
el e c t r o n i c a l l y  gen e r a t e d  reference  wa v e  instead of the 
acoustic wa ve shown in Figure 2-11. In this manner they 
we r e  able to a l l o w  the object w ave  to imping e normally 
to the p i e z o e l e c t r i c  faceplate.
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F i g u r e  2-11 A r r a n g e m e n t  for per fo r m i n g  aco us tical 
h o l o g r a p h y  via the u l t r a s o n i c  camera
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A somewhat differ en t el ect ron beam s c a nn in g type of
17
d e t e c t o r  was reported by D a v i d s o n  and Hull. An acoustic 
image is focused unto a m a t r i x  of in div idu al p i e z oelec tr ic 
c r y st al s (see Figure 2-12), each of w h i c h  is connec ted  to 
an in di v i d u a l  integrati ng  network, rectifier, and a m p l i ­
fier. An image o r t hico n scans, by means of an electron 
beam, the voltage d i s t r i b u t i o n  on the faceplate; thereby 
g e n e r a t i n g  a TV signal w h i c h  is mon itored on a TV screen. 
The authors claimed hi g h e r  sensitivity, a mo re sharply 
de fi n e d  range gating c a p a b i l i t y ,  and p o t e n t i a l l y  higher 
r e s o l u t i o n  than the u l t r a s o n i c  camera.
O p t i c a l . Instead of sc an ni ng the p i e z o e l e c t r i c
c r y s t a l  surfac e of the u l t r a s o n i c  camera w i t h  an electron 
85
beam, Smyth proposed s c a n n i n g  it with a small light beam. 
Se ve ra l ad van tag es over the usual u l t r a s o u n d  camera were 
cited.
32 ,33
A somewhat diff er ent a p p roac h was d e s c r i b e d  by Green 
(see Fi gure 2-13). A p i e z o e l e c t r i c  crys tal is segmented 
and each segment is c o n n e c t e d  to a p h o t o d i o d e  w hi ch  is 
i l l u m i n a t e d  by a r e v o l v i n g  pencil of light. As each p h o t o ­
d iode turns "on", its n o n l i n e a r  ch ar a c t e r i s t i c s  generate 
sum and differe nc e f r e q u e n c y  signals in that diode. Upon 
p ro pe r filtering, am p l i f i c a t i o n ,  and rec ti fi c a t i o n ,  the 
image of the ult ra so und can be displayed on a cathode ray 
tube. E lectron ic  s i m u l a t i o n  of an a c o u s t i c a l  refere nce
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Figure 2-12 Use of an image ort hi con for u l t r a s o n i c  
image v i s u a l i z a t i o n
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Figure 2-13 System for o p t i c a l l y  scanning a ma t r i x  of
p ho to diodes  to ob t a i n  an image of the u l t r a ­
sound at the p i e z o e l e c t r i c  faceplate
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wave can, of course also be Included. Green has quoted a
-12 2
s e n s i t i v i t y  of 5 x 10 w a t t / c m  for this system.
The sc an ned image c o nv er ters di scu ssed thus far have 
used sensors w h i c h  respond to the pressure d i s t r i b u t i o n  at 
the ap erture  plane. However, as me n t i o n e d  p r e v i o u s l y  
(page 9), other c h a r a c t e r i s t i c s  of the ac ous tic d i f f r ac ti on 
pa ttern can be detected.
58
Ma ss ey  dem o n s t r a t e d  an op tical  h eter od yne co nve rte r 
which res ponds to the v e l o c i t y  of an acoustic wave. R e f e r r ­
ing to Fi gure 2-14, a m o n o c h r o m a t i c  be am of light of fr e ­
quency 0) is split into two parts by bea m  s p l itt er  (1). One 
beam is in cide nt  on plane P ^ at the point m w h i c h  is v i b r a t ­
ing at the f r eq uency ft. The other b e a m  is s l i gh tl y shifted 
in fr equ ency from a) to by means of the freq uency t r a n s ­
lator.
Due to the vibr at ory m o t i o n  of point m, the i n s t a n t ­
aneous f r e q u e n c y  0)^  of the r e fl ec ted light varies s i n u s o i d ­
ally in time about the optic al  carrier fre qu ency w. (The 
v el ocity of point m frequency m o d ulates  the in cid ent light.) 
By means of the b e a m  sp lit te r (2), this light is mixed 
with the light emergin g from the frequency tr ans lator ; and 
sum and d i f f e r e n c e  frequency comp onents  are g e n er at ed by 
the n o n l i n e a r i t y  of the photoc ell. Finally, prope r f i l t e r ­
ing and FM d e m o d u l a t i o n  yields  a signal of f r eque nc y ft
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Figure 2-14 An optical ly sc an ned ult rason ic  image converte r  
w h i c h  responds to the v e l o c i t y  of the vib r a t i n g  
plane P 2
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w h o s e  i n s t a n t a n e o u s  va lue is d i r e c t l y  pr o p o r t i o n a l  to the 
speed of the v i b r a t i n g  point m. As the incident light scans 
the plane s y n c h r o n i s m  with a s u i ta ble disp l a y  network,
an image of the v e l o c i t y  d i s t r i b u t i o n  of the v i b r a t i n g  plane 
can be obtained.
Using a h a l f - w a v e  resonant plate (1 MHz) and a 1 m w , 
He-Ne laser, M a s s e y  reported a t h r e s h o l d  intensity of 
1.46 x 10- ® watt/c m^.
1,52
A c o n s i d e r a b l y  simpler image c o nv erter due to Korpel 
is ill us tr ated in F i g u r e  2-15. A laser beam is fo cused  to 
a d i f f r a c t i o n  li mited  spot at a point m on the v i b r a t i n g  
s ur face P 2 . The ref lec te d light w h i c h  is p e r i o d i c a l l y  
def le ct ed due to the mo tion of point m, is p a r t i a l l y  i n t e r ­
cepted by a knife edge. This a c t i o n  converts the p e r io dic 
d e f l e c t i o n  into a var i a t i o n  of i r r a d i a n c e  at the pho t o c e l l  
w h o s e  output may be mixed w ith a "ref er e n c e "  signal. Af ter 
filtering, a m p l i f i c a t i o n  and re c t i f i c a t i o n ,  the signal z- 
mo d u l a t e s  a CRT so that, by pro pe r scanning, an image of 
the time v a r y i n g  d e f o r m a t i o n  of plane P 2 can be obtained. 
Note, however, that the system respon ds  to the slope of 
the surface d i s p lac em ent, rather than the dis p l a c e m e n t  
itself.
Korpel v i s u a l i z e d  surface waves  in this manner, and
— 7 2reported a t h r eshold  intens ity of 10 w a t t / c m  at 1 MHz.
45
Incident light
Sound wa v e
Knife edge
Photocell
Rec t i f i e r
Filter and 
a m p 1 i f ier
TV mo ni t o r
Figure 2-15 A c o n v e r t e r  which r e s p o n d s  to the slope of 
the surface d i s p lacem en t
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C o n c l u s i o n
W i t h  regard to the p e rtine nt  features that any detector 
should di spla y (see page  9 ), the fo llowing gene r a l  concl u­
sions can be listed.
S y s t e m  C o m p l e x i t y . The extreme s i m p l i c i t y  and economy 
of the n o n - s c a n n e d  detec to rs make these very attractive.
The sim ul taneous  r e c ording of all points in the acoustical 
h o l o g r a m  plane can reduce  pro ces si ng times substantially. 
Indeed, the liquid surface levi tation  m e t h o d  allows in s t a n ­
taneous (real-time) r e c o n s t r u c t i o n  of the a c o u s t i c a l  h o l o g r a m  
(one-step i m a g i n g ) .
Scanne d detectors, on the other hand, are more flexible, 
and the p oss ib ility of s i mu lating  a r e f e r e n c e  w a v e  should 
r edu ce the amount of image distortion. The concept of "fast" 
s c a nn ing allows v i r t u a l l y  instantane ou s v i s u a l i z a t i o n  of the 
a c o u s t i c a l  hologram (but not its rec on st ruction ).
S e n s i t i v i t y . In genera l, scanned d e t e c t o r s  exhibit a 
s e n s i t i v i t y  which is sev eral orders of m a g n i t u d e  higher than 
that of non -s c a n n e d  d e t e c t o r s  (with the e x c e p t i o n  of the 
P o h l m a n  Cell). This is, of course, due to the use of e l e c t r i ­
cal ampli fic ation. Table 2-1 co nv enientl y lists, in order of 
d e c r e a s i n g  sensitivity, the detectors w h i c h  have been d i s c u s s ­
ed in this chapter.
S e l e c t i v i t y . U s u a l l y  the non -s canne d d e tecto rs  do not '
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wat t / cm
TABLE 2-1
S E N S I T I V I T I E S  OF THE V A R I O U S  DETECTORS D I S C U S S E D  IN CHAP. II
D e t ector Th r e s h o l d  Page Resolution References
Optical scanni ng 
of p h o t o d i o d e s
Mec ha nica l s c a n ­
ning of a p i e z o ­
electric crystal 
tfith a capacit y 
prob e
Electr oni c s c a n ­
ning of a p i e z o ­
electric crystal
int ens i ty 
5x10
5x10
-12
-12
1x 10 -11
capab ili ty
39
31
39
Green (32)
Smy th (85)
Da vi ds on (17)
and an image 
or t hic on
U l t r a s o n i c  cam- 2x10 35
era (modif ied  lxlO-  ^ 35
S o k o l o v  tube) 5.7x10 35
35
35
M e c h a n i c a l  s c a n ­
ning w i t h  a "point"
31
1.5x10 8 42
1x10 7 44
Smyth (8 6 )
. 5mm @ 4 MHz Smyth (8 6 )
K e n n e d y  (45)
. 2mm @ 15MHz Ja cob s (40)
1 mm @ 7 MHz M a r o m  (5 7)
. 5mm <§ 5 MHz Pres t o n  (73)
Mas s ey (58)
Korpel (1,52)
crystal
Optical  scannin g 
with h e t e r ­
odyning
Op tic al scanning 
with a Schlieren 
arrange me nt
Me c h a n i c a l  a l i g n ­
ment of pa rticles 3x10 18
(Pohlman Cell)
P ohlman (71,72)
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TABLE 2-1 Co n t i n u e d
D e t e c t o r  Th reshold Page Resolut io n
intensity
Reference s
Liquid su rf ace 
le vi tati on
Me ch a n i c a l  s c a n ­
ning w i t h  a 
th ero co uple
Ph osp hor p e r s i s t ­
ence changes
Light ex posed
p h o t o gr aphic
paper
O x idat io n of a 
p o t a s s i u m  iodide 
starch s o l ut io n
De f o r m a t i o n  of 
t h e rm oplas ti cs
Starch plate 
in an iodine 
starch so lution
wat t/c m 3
5 . 5 x l 0 - 4  
1 .5 x l 0 - 3  
3xl0 - 3
1 x 1 0 - 2
0.01
0 . 05
0.05
0.07
0 .1-1. 0
1.0
20
20
20
24
29
17
14
15
26
16
0 . 2 mm
Sch us te r (79) 
P i g u l e v sk ii (70) 
Sette (80)
Smith (84)
0 2 5 m m  @ 12MHz Dunn (21)
2 mm @ 3 MHz 
01mm @ 2 MHz
P e t e r m a n n  (69) 
A r khan ge lskii(2 )
Haul (37)
Y oun g (98)
Bennet (4)
Light ex posed
p h o t o gr aphic film 1.0 13
(pre-soaked) 1.0-5.0 13
B erg er (8 ) 
Benne t (5)
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m ake  use of m e c h a n i c a l  resonance, c o n s e q u e n t l y  their s e l e c t ­
ivity is rathe r poor. Often the a c o u s t i c a l  d i f f r a c t i o n  
patte rn must be isolate d from u n w a n t e d  aco u s t i c a l  d i s t u r ­
bances. Th es e p r e c a ut io ns are m i n i m i z e d  with re sona nt  
detectors.
R e s o l u t i o n . The res o l u t i o n  varies  c o n s i d e r a b l y  for the 
variou s image c onv er ters d e s c r i b e d  and no g e n e r a l i z a t i o n s  
can be made. It is obvious, howeve r, that be sides the 
limiting i n f l u e n c e  of a small dete c t o r  aperture, the r e s o l u ­
tion of r e s on an t detect or s is also decre ased by image s p r e a d ­
ing due to mod e  coupling.
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Chapter III
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H OLOGR AP HIC AND SCH LI EREN SOUND V I S U A L I Z A T I O N  SYSTEMS
The systems d i sc ussed thus far have dealt with the 
d e t ec tion or m e a s u r e m e n t  of some c h a r a c t e r i s t i c  of a sound 
wave in a plane wh ich  is nearly normal to the d i rectio n of 
pr o p a g a t i o n  of that sound wave.
Equally imp ortant  are those systems w hi ch  allow the 
v i s u a l i z a t i o n  of sound waves in a plane con taining the 
pr o p a g a t i o n  vector, i.e. those system s w h i c h  show an o u t ­
line of a sound wav e  as it propagates through a medium.
9 ,60
A mong such v i s u a l i z a t i o n  techniques are the familiar 
S ch lieren system and the ho l o g r a p h i c  sys te m - both of which 
wi ll be discusse d in this chapter.
In both of these method s a plane, coherent light wave 
is made to traverse  a region of an o p t i c a l l y  transparent 
m e d i u m  in wh ich a sound wave is propa ga ting. The geo metry 
is arranged so that the propag a t i o n  vector s are normal to 
each other. As a result, the co m p r e s s i o n s  and r a r e fr ac tions 
gen erate d in the m e d i u m  by the sound wave yield a d i s t r i b ­
u tio n of refra c t i v e  indices which phase modu la tes the light 
wave in both space and time.
This phase m o d u l a t i o n  is per io dic and diffracts the 
light into a t h e o r e t i c a l l y  infinite nu mb er of spectral 
orders. As wi ll be seen, the S c hliere n optical system
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makes use of this p h e n o me non, and upon pr oper spatial 
fil t e r i n g  of the d i f f r a c t i o n  orders, an outl i n e  of the 
sound w a v e  can be obtained. Figure 3-la (to be explained 
more fully later) is a typical  S c hl ie ren image w hic h shows 
the r e f l e c t i o n  and t r a n s m i s s i o n  of sound by a 1 /8 " thick 
a l u m i n u m  plate.
The holo gr a p h i c  m e t h o d  repr es ents a new ap p l i c a t i o n  
of h o l o g r a p h y  in u l t r a son ic s. The ho l o g r a m s  ob tained by 
this s y s t e m  are a reco rd of the spatial d i s t r i b u t i o n  of 
the mu tu al cohere nc e b e t w e e n  the light that has traversed 
the sound wa ve and a h i g h l y  coherent re f e r e n c e  wave. Fi gure 
3-lb (also to be ex p l a i n e d  more fully later) shows a similar 
r e f l e c t i o n  and t r a n s m i s s i o n  pheno m e n o n  imaged with the h o l o ­
graphic technique.
A mo re de tailed an aly s i s  of these two meth o d s  and 
the ex pe r i m e n t a l  re sul ts obtai ne d with them shall now be 
presented. It will also be d e m o n s t r a t e d  that under certain 
conditions,  the i r r a d i a n c e  in the Sch l i e r e n  image and the 
r e c o n s t r u c t e d  h o l o g r a p h i c  image are i d e n t i c a l l y  distributed.
The H o l o g r a p h i c  Sy s t e m  for V i s u a l i z i n g  Sound Waves
Fi g u r e  3-2 s c h e m a t i c a l l y  shows the basic ge ometry of 
this method. It is the fa mi liar ar r a n g e m e n t  of plane 
re ference, s p l i t - b e a m  hol ography. As in the usual h olog ra phic 
system, an "object" w a v e  interferes w i t h  a "r efe rence " wave
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Figure 3-la A typical Sc h l i e r e n  image showing the
reflectio n and tran s m i s s i o n  of a sound wave 
by a 1/8" thick a l u m i n u m  plate (1 MHz)
Figure 3-lb A rec onstr uc ted h o l o g ra ph ic image sh owi ng
a similar p h e n o m e n o n  as above (f = 988 KHz)
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at the film plate, and the emulsi on records the resultant 
i nt er ferenc e pattern. However, in this case, the "object" 
w a v e  is phase m o d u l a t e d  by the sound wave. The resultant 
v a r i a t i o n  of m u t u a l  cohe rence be tw ee n these two waves is 
de te ct ed by the h o l o g r a p h i c  process and m o d i f i e s  the 
"bri ght ness" of the r e c o nst ru cted image in such a manner 
that the image of the dif fu sion screen will show an ou tline 
of the sound wave. As shown in the figure, it is also p o s s i ­
ble to translate the frequenc y of the "refe re nce" wave by 
an integer m u l t i p l e  of the sound fre q u e n c y  fi. This produ ce s 
several a dvan ta ges w h i c h  will be d i s c u s s e d  later.
The radian ce d i s t r i b u t i o n  w i t h i n  the re cons tr ucted  
image can be p r e d i c t e d  from an e x t e n s i o n  of well known
theory. Under c o n d i t i o n s  of plane, q u a s i m o n o c h r o m a t i c  
r a diat io n during rec ording, and for a plane, m o n o c h r o m a t i c
re co ns tructe d image corres pondin g to the object point m, 
is related to the m o d i f i e d  complex deg re e of coherence 
gm R in the fo l l o w i n g  way
Hence, the p r o b l e m  reduces to one of ca l c u l a t i n g  the m o d i ­
fied complex d e g r e e  of coherence b e t w e e n  the radiation 
co ming from the object point m and the r e fe re nce source R 
(see Figure 3-2). For the conditions s p eci fi ed above,
55
re const r u c t i n g  wave, the r a d i a n c e $ m' of a point m' in the
ce ®mR
2
(3-1)
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M o n o c h r o m a t i c  plane wave, to
Tank with t ran sp arent  
windows
T r a n s d u c e r
Sound absorber
Water
Di f f u s i o n
screen M o n o c h r o m a t i c  
plane wave,
0 ,+1,+2
R
Film plate
Figure 3-2 Schematic of the basic geometry of the h o l o ­
gra phic m e t h o d  for visu al i z i n g  sound waves
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this degree of co h e r e n c e  can be e x pres se d as
(3-2)
0
where
T = e x p os ur e time of the p h o t o g r a p h i c  emulsion
(f>£ = ph ase of the ra dia tio n coming from the r e f e r e n c e  
source R
(j) = ph as e of the radia tion coming  from the object
point m
t = time
R e f e r r i n g  to Fi gure 3-3, let m be the object point 
and P the point on the film plate at w h i c h  the c o he re nce  
is to be determined.  The phases of the ra diation at point 
P can be des c r i b e d  as
0) = fre q u e n c y  of the i l l u m i n a t i n g  rad iati on
= fre q u e n c y  of the sound wave
U)+nf2 = fre q u e n c y  of the re f e r e n c e  radi ation
s r p  = op ti ca l path length b e t w e e n  the reference source
and point P
sm o(t) = opti c a l  path length b e t w e e n  the illuminatin g 
source and the object point m
sm p = opt ic al path length b e t w e e n  points m and P
c|>P = (to + nf2) t - Spp (w + nf2)/c (3-3)
n = 0 ,+1 ,+2 ,•••
= ait - sm o (t) a)/ c - sm p o)/c - (3-4)
where
Pl ane wav e  ill u m i n a t i n g 
so urc e of fr equency U)
Pr o g r e s s i v e  sound wa ve 
of f r e qu en cy £2mO
S cre en
Plane wave  r e f e r e n c e  
source of fre q u e n c y
Obj ect 
point
+ 1 , +2
mP
RP
F i l m  pl ate
F i g u r e  3-3 D i a g r a m  for ca lc ul a t i n g  the mu t u a l  co her ence 
at point P
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x = c o o r d i n a t e  in the d i r e c t i o n  of sound p r o p a g a t i o n
c = speed of light in v a c u u m
= the co nstant phase shift b e t w e e n  the r e f e r e n c e  
and i l l u mi na ting r a d i a t i o n
Strictly speaking, eq uat ion (3-4) sh ou ld also ac count for
sc at teri ng  of the light (due to a gradient of r e f r a c t i v e
index) w i t h i n  the water m e d i u m  and for sc att e r i n g  wi t h i n
the d i f f u s i o n  screen. The fo rmer is us ually n e g l i g i b l e
for low in t e n s i t y  or low f r e q u e n c y  sound waves (this is
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known as the R a m a n - N a t h  a p p r o x i m a t i o n )  while the latter 
will be n e g l e c t e d  for reasons w h i c h  will  become  ap parent 
shor t l y .
Th erefore, negl e c t i n g  bo th sc at t e r i n g  effects, the 
phase of the i l l u m in at ing r a d i a t i o n  at point P be co m e s
<J>m = wt - (smP + Gm Q ) a)/ c - Ci + lm y(a)o)/c (3-5)
wher e
GmQ = g e o m e t r i c a l  path le ngth be tw e e n  the i l l u m i n a t i n g
so urce 0 and the obj ect point m
lm = e f f e c t i v e  width of the sound beam tra versed  by 
the light wave in order to reach point m
y(a) = ch ang e of the r e f r a c t i v e  index in the wa ter
and for p r o g r e s s i v e  waves
a = fit - Kx (see no te 1)
K = 2 tt/A
A = w a v e l e n g t h  of sound in the wate r m e d i u m
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SmR = exp(icj)0 ) |
S ub st itutin g equ a t i o n s  (3-3) and (3-5) into (3-2)
T
>  I  exp nfit - klm y ( a ) 1 | dt (3-6)
0
w he re
k = to/c = 2 tt / X
A = w a v e l e n g t h  of the il l u m i n a t i n g  source 
<!>o = k (G mO + smP " SRP) + c i “ (nft/c)sRP
If the p r e s s u r e  variat ion w i t h i n  the medium is periodic, 
then y(ot) and exp [ iklm M (a ) ] is also p e r io di c and
0
Re memb e r i n g  equ ations (3-6) and (3-7) and the d e f i n i t i o n  
of a, the m o d i f i e d  comple x degree of coh er ence gm ^ be comes
OO
exp [ iklm M (a ) ] exp(ira) (3-7)
where the co mp l e x  Fou rier coe f f i c i e n t s  ipr are
(3-8)
Not e 1. Since the spatial p o s i t i o n  of the object point 
m has bee n fixed, a is only a function of time 
in this analysis.
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00 T
SmR = e^p (Itj’p ) ^  ^ i|Jr exp(irKx) exp [ i (n-r ) fit ] d t (3-9)
r = -oo o
which, for T>> 1/fi, reduces to
gmR = -exp[i(4>0 + nKx)]ipn (3-10)
Hence, the r a d iance  in the recon s t r u c t e d  image at point m ' 
co rre s p o n d i n g  to the object point m is
2
A m '  * gm R ‘ 2 ^n
w here
2 7T
1 /
n = 2 ir J '  exp {itklm y(a) - na] } da (3-11)
The s i g n i f i c a n c e  of shifting the f r e q u e n c y  of the r e f ­
erence wave is n o w  apparent. By s h i f t i n g  the optical 
t* h
f r eq uency an n h a r m o n i c  of the sound frequency, only the 
n tk Fourier co e f f i c i e n t  of the phase of the "object" wave 
is used to mo dify the ra di an ce of the r e c o n s t r u c t e d  image.
A q ua li tative  e x p l a n a t i o n  of this pro c e s s  can be m a d e  
if one remembers that a st ationary i n t e r f e r e n c e  pattern is 
o b t ai ne d only if the two interfering  light waves have the 
same frequency. Since the "object" wav e  consist s of c o m ­
po nents having a f r e q u e n c y  oj plus all h a r m o n i c s  of fi, the 
f r e qu en cy  of the r e f e r e n c e  wave e s s e n t i a l l y  determines w h i c h  
fr e q u e n c y  component  of the "object" w a v e  is used to form a 
st at i o n a r y  i n t e r f e r e n c e  pa ttern  at the film plate. Hence, 
only the i n f o r ma tion co nta ined wi th in the n tk harmonic 
compo nen t is recor d e d  hol og ra phicall y.
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The di ffusion scr ee n in Figures 3-2 and 3-3 is used 
p r i m a r i l y  for a n alytic al  convenience.  It is apparent that 
the diff u s e r  is neit h e r  ne c e s s a r y  to the o p e r a t i o n  of this 
s y s t e m  nor de sirable w h e n  ac curate r a d i a n c e  di stribut io ns 
are to be obtained. In p r a c t i c e  however, there are distin ct 
a d v a n t a g e s  as well as d i s a d v a n t a g e s  to u sing a diffusion 
s c r e e n .
Wh en the d i f f u s i o n  sc re en is used du r i n g  the re cor din g 
process, the i l l u m i n a t i o n  at the film p late is diffuse. Hence, 
each point on the film p la te receives i n f o r m a t i o n  from every 
point on the object. This fact allows one to recon struct 
the en tir e image of the object with any p o r t i o n  of the 
hologram. For the same reason, the r e c o n s t r u c t e d  image is 
r e l a t i v e l y  insensiti ve to dust and s c ra tc hes w h i c h  may be 
pr es en t on any op tical  components. The d i s a d v a n t a g e  of 
this te chnique is that sc at t e r i n g  wi t h i n  the diffusio n 
sc reen tends to re duc e the defin i t i o n  of the image of the 
sound wave.
The situation is r e v er se d when the d i f f u s e r  in Fi gure 
3-2 is removed. In this case, the h o l o g r a m  itself, is a 
d ire ct record of the sp at i a l  d i s t r i b u t i o n  of the mutual 
c o h e r e n c e  between the light that has tr a v e r s e d  the sound 
w a v e  and the r e fe re nce wave. No re d u c t i o n  of image d e f i n i ­
tion occurs; on the other hand, the d e s i r a b l e  c h a r a c t e r i s ­
tics of diffuse i l l u m i n a t i o n  cannot be realized.
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The techni que  of r e c o n s t r u c t i n g  the image from a 
h o l o g r a m  w h i c h  is rec or ded in a c co rd ance w i t h  Fi gure 3-2 
but w i t h o u t  the use of a d i f f u s i o n  screen, de ser ve s some 
comments. Assume  that the h o l og ram is i l l u m i n a t e d  with 
c o h er ent r a d ia tion of the same form as the or ig inal ref­
er enc e w a v e  and that the re con s t r u c t e d  w a v e f r o n t  which 
n o r m a l l y  co rresponds to the object wave is observed. Since 
the eye is unable to focus on any one p a r t i c u l a r  plane,
the o b s e r v e r  sees the o r i g i n a l  il lu minatin g source  whose
2
r a d i a n c e  is mo dified by |gmR| • im a g e of the sound
w a v e  can be obtained by r e p l a c i n g  the o b s e r v e r ' s  eye with 
a p h o t o g r a p h i c  emulsion. If a permanent record of the 
sound image is not requir ed,  the emulsi on can be replaced 
by a d i f f u s i o n  screen w h i c h  now serves as a pl ane  of l o c a l ­
i z a t i o n  for the ob se r v e r ' s  eye. Both of these techniques 
and the resultant images are il lustrated in Figu re s 3-4a 
and 3-4b, res pectively.
A h o l o g r a m  w hich  has been recorded w i t h o u t  a diffuser 
can also be il lum ina ted w i t h  "white light" in order to 
fo rm an out line of the sound wave. This is pos sible be ca us e 
the h o l o g r a m  is a direct re cor d of the sp atia l dis t r i b u t i o n  
of the m u t u a l  coherence b e t w e e n  the object and refere nce 
waves. Conside r the case w he n the f r eq uency of the r e f e r ­
ence w a v e  is not shifted, i.e. when n = 0. Then, the c o h e r ­
ence b e t w e e n  the r e f e r e n c e  w a v e  and the light that has not 
t r a ve rsed the sound w a v e  is high; hence, the fringe v i s i b i l i t y
P h o t o g r a p h i c
e m u l s i o n
H o l o g r a m  
Plane, m o n o c h r o m a t i c  wave
Obser v e r  or camera
"I
Dif fus io n 
screen
Ho l o g r a m  
Plane, m o n o c h r o m a t i c  wave
O b s e r v e r  or 
camera
L Holo gram Incoheren t light sour ce
Fi g u r e  3-4 Various m e t h o d s  of r e c o n s t r u c t i n g  images from 
holograms w h i c h  ha ve been r e c o r d e d  wi thout the 
use of a d i f f u s i o n  screen (see text)
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in these regions of the film plate is also high. C o n ­
versely , the fringe v i s i b i l i t y  is low in those regions 
w h e r e  the reference w a v e  interf er es w i t h  light that has 
tr ave rsed the sound beam. As the h o l o g r a m  is i ll uminate d 
w i t h  "white light", st ro ng d i f f r a c t i o n  occurs in those 
re gions  w h e r e  the fringe v i s i b i l i t y  is hi gh and little 
d i f f r a c t i o n  occurs in low v i s i b i l i t y  re gio ns  of the film 
plate. The resultant "image " of the sound w a v e  is i l l u s ­
trated in Figure  3-4c.
The pictur es s h o w n  in Fi g u r e  3-4 w ere all obtained 
from the same h o l o g r a m  and show a s i d e - v i e w  of a sound 
w a v e  p r o p a g a t i n g  in w a t e r  fro m left to right (the "point er" 
in the lower half of each i l l u s t r a t i o n  is the image of a 
co ppe r wire). The r a d i a n c e  d i s t r i b u t i o n  over the cross- 
s ec t i o n  of the sound b e a m  is, of course, a co n s e q u e n c e  of 
e q u at ion (3-11) and wi l l  be examined m o r e  fully later. 
Finally, the apparen t d i s c r e p a n c y  of the r a d i a n c e  d i s t r i ­
b u t i o n  b e t w e e n  the three i l l u s t r a t i o n s  is a c on sequen ce  
of the r a diati on  and the g e o metry  used dur in g the " r e c o n ­
s t ruct io n"  process and the control of p h o t o g r a p h i c  p a r a ­
meters. Il lu s t r a t i o n  "a" shows, for example, the result 
w h e n  us ing high c o n trast p h o t o g r a p h i c  emulsions.
The S c h l i e r e n  System for V i s u a l i z i n g  Sound Waves
A simple S c hli er en sy s t e m  is il l u s t r a t e d  in Figure 
3-5. As in the p r e c e d i n g  section, the p r o p a g a t i o n  ve ctors
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of the light and sound w a v e s  are no r m a l  to each other so
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that, unde r the R a m a n - N a t h  appr ox i m a t i o n ,  the sound waves 
act as a pe rio dic phase gratin g of n e g l i g i b l e  thickness. 
Hence, the pr obl em  is one of imaging a time-v arying, perio d i c  
phase object wi th plane, m o n o c h r o m a t i c  light.
Due to the p ha se  grating, an i n f i n i t e  nu mb er of 
s p e ctral orders are e x p e c t e d  in the "fa r-fie ld ". This 
F r a u n h o f e r  region is a p p r o x i m a t e d  in the focal plane of 
the lens in Figure 3-5. The lens is also situated in such 
a m a n n e r  that it n o r m a l l y  images the sound axis on the 
screen. As will be seen, if these d i f f r a c t i o n  orders are 
pr o p e r l y  filtered, an o u t l i n e  of the sound wave  can be 
o b t ained on the screen.
R e f e r r i n g  to F i g u r e  3-6, con sider the o n e - d i m e n s i o n a l  
p r o b l e m  of imaging a sound wave of u n i f o r m  w i d t h  lm p r o p a g a ­
ting along the x-axis. As in the pre vi ous discu ssion, the 
r e f r a c t i v e  index is as su m e d  to be an a r b i t r a r y  periodic 
function. A plane, m o n o c h o r m a t i c  light w ave of un if o r m  
w i d t h  D and of f r e q u e n c y  U) pro pag at es in the z direction. 
Using the Fr aun h o f e r  d i f f r a c t i o n  integral, the complex
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a m p l i t u d e  of the light in the focal p la ne  of the lens is
00
A(£,t) = C 2 ^ ^ r w r e x P “ r^)tJ (3-12)
T = “0°
w he re
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T r a n s d u c e r
2 F2 F
Water
C o h e r e n t , 
c o llim at ed 
light wav e
Spatial
filter
Lens Screen
Tank with  transparent 
wi nd o w s
Progre ss ive 
sound wave Sound a b s or ber
Figure 3-5 Schemati c of the basic S c hlieren  system
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FA/A
F ar - F i e l d
F igu re 3-6 D i a g r a m  for c a l c u l a t i n g  the i r r a d i a n c e  in 
the Schlie ren image at x'
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W r (?) = D Sine [ ( r K  - k?/ (F)D/2J (3-13)
2 7T
ipr = J "  exp | i [ k l m M(a) - ra] | da (3-14)
0
5 = c o ordina te  in the focal pl ane of the lens 
F = focal length  of the lens 
C 2 = constant
D = un if or m w i d t h  of the light beam
lm = un if o r m  w i d t h  of the sound beam
r = an integer, 0 ,+ l,+ 2 , ...
and w h e r e  the other p a r a m e t e r s  have been de fi ne d on pages 
55-58 .
E x a m i n a t i o n  of e q u a t i o n s  (3-12) and (3-13) shows that 
the d i f f r a c t i o n  orders are di scret e in f r e q u e n c y  and are 
located in space at
£ = rFA/A r = 0 , + 1,+2, ... (3-15)
Furthermor e,  when D >;>A, the spectral or der s can also be 
c o n s i d e r e d  discrete in space (non -overlapp ing) so that the
I I2ir ra d i a n c e  of each d i f f r a c t i o n  order is p r o p o r t i o n a l  to | ijj
The irradiance in the image plane x' can be obtained 
by again using the F r a u n h o f e r  diffrac ti on integral. Hence, 
the comp le x amplitude in the image plane be co m e s
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U(xjt) = C 3 J  A ( 5 , t ) e x p ( - i k x ' £/F) d£ (3-16)
w he re
U ( x ’ ,t) = co mp lex am p l i t u d e  of the light In the 
image plane
C 3 = a c o n st an t
x 1 = c o o r d i n a t e  in the image plane 
S u b s t i t u t i n g  equation (3-12) for A(£,t) and e v a l u a t i n g  the 
int egral  yields
U ( x 1 , t ) = C 2C 3 F / k J  L ( x ' / D )  exp(iojt) • (3-17)
UU
^   ^ipr exp [-ir(fit + Kx ' ) 
r = -00
wh ere n  (x'/d) =| °
A  J  j_ (x ' /D)
| x 11 > D / 2 
| x '| < D / 2 -D/2
x
D/2
A s s u m i n g  that D>>A so that the spectral ord er s are discrete 
in space, the radiance w i t h i n  the Schlie ren image is
(3-18)
Any sp at ial filtering of the spectral orders will be reflected 
in the s u mm at ion over r. In particular, if only the r *"*1 order 
is al low ed  to pass, then
Q x ' o c  J  l p r j (3-19)
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C o m p a r i n g  equations (3-11) and (3-19), it is noted 
that the dis tr i b u t i o n s  of i r ra diance wi t h i n  the Sch lieren  
and the r e c o n s t r u c t e d  image are equi va lent w i t h i n  a c o n ­
stant m u l t i p l i e r  if n = r. Hence, for the c o n d i t i o n s  
sp ec ified (plane wave, m o n o c h r o m a t i c  ra d i a t i o n  and v a l i d i t y  
of the R a m a n - N a t h  a p p r o x i m a t i o n ) ,  the above d i s t r i b u t i o n s  
of i r r a d i a n c e  due to any a r b i t r a r y  periodic v a r i a t i o n  of 
re fra c t i v e  index, are e q u i v a l e n t  with in  a co nstant if the 
order of the ref erence f r e q u e n c y  that is used to record 
the h o l o g r a m  and the sp ect r a l  order that is used to form 
the S c h l i e r e n  image are the same. This e q u i v a l e n c e  of the 
ra dia nce d i s t ri bu tions is not c om pletely  u n e x p e c t e d  since 
in both of these systems the phase shift of the light that 
has t r a v e r s e d  the sound wa v e  (see Figures 3-2 and 3-5) is 
the same. The manner in w h i c h  this wave is p r o c e s s e d  by 
the h o l o g r a p h i c  and S c hliere n sy ste m is, of course, 
ent ir el y different.
Special Case of Plane P r o g r e s s i v e  Sound Waves
W h e n  the sound wave is plane and pro gr essiv e,  the 
radiance d i s t r i b u t i o n  in the r e c o nstru ct ed or Sc h l i e r e n  
image as su mes a p a r t i c u l a r l y  fa miliar form. For such a 
wave, the change of the r e f r a c t i v e  index can be exp res se d 
as
y(a) = N Sin (a + a') (3-20)
where N is the maxi m u m  change of the re fra c t i v e  index and 
a' is a constant  phase. For this function, the Fourier
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coeffic ie nt i^ n b eco m e s  (see e q u a t i o n  (3-11) or (3-14))
<J,n = J n (klm N) (3-21)
where J n (klm N) is the n -^*1 orde r Bessel fu nct ion of the 
R a m a n - N a t h  par a m e t e r  (klm N ) . Hence, the radia n c e  in the 
h o l o g r a p h i c  r e c o n s t r u c t e d  image or the S c hlie re n image has 
the fol l o w i n g  form:
S I  * J ^ ( k l m N) (3-22)
It wil l  be noted from this rel at ion or e q u a t i o n  (3-11) 
that, whe n  n ^ 0 , those re gions w h e r e  no sound is pr es ent 
(the b a c k g r o u n d )  appears d ar k in the r e c o n s t r u c t e d  or 
Sc hlieren image. Bec ause of the da rk backgro und, a low 
intens ity  sound w av e may be ma d e  visi bl e whereas, wh e n 
n = 0, it may not be detected. Hence, the effect of using 
di ffr a c t e d  light to form the S c h li er en image or of using 
a shifted r e f e r e n c e  wave to record the h o l o g r a m  is an 
en h a n ce ment of the se n s i t i v i t y  of the respe c t i v e  v i s u a l ­
ization system. (This effect is demo n s t r a t e d  later.) It 
should also be ap parent that the final se n s i t i v i t y  is 
limited only by fog in the p h o t o g r a p h i c  process.
Once the R a m a n - N a t h  p a r a m e t e r  has been d e t e r mi ned, the 
ab so lu te a c o u s t i c  press ure may be ca lculated if the r e l a t i o n ­
ship b e t w e e n  p r e s s u r e  and r e f r a c t i v e  index (pi ezo- op tic  
coefficient) for the p a r t i c u l a r  m e d i u m  is known.
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As an example, cons ider a plane, p r o g r e s s i v e  sound 
wave hav in g a ci rc ul ar c r o ss -sectio n.  Such a wa v e  is 
a p p r o x i m a t e l y  g e n er ated by a large p i e z o e l e c t r i c  disk. 
Fu rth er as sume that the h o l o g r a m  is recor ded w i t h  an 
"unshifte d"  r e f e r e n c e  wave, or that in the Sch l i e r e n  
system, only the zeroeth d i f f r a c t i o n  order is allo w e d  to 
pass the sp atial filter (n = r = 0). Under these c o n ­
ditions, the rad iance d i s t r i b u t i o n  that is ex pe cted in
either image of the sound w a v e  is p r o p o r t i o n a l  to 
2
J (kl N ) . This function is i l l u s t r a t e d  in Fi g u r e  3-7. 
o m e
Since the sound beam is circular, the eff e c t i v e  w i d t h  
1 and therefore, the R a m a n - N a t h  p a r a m e t e r  (klm N) will vary 
from zero at the edges of the sound b e a m  to a m a x i m u m  at 
its center. R e f e r r i n g  to F i g u r e  3-7, the r a d ia nce d i s t r i ­
bu ti on  wil l be s y m m e t r i c a l  about the sound axis and will  
fluctuate  th rough  a series of ma x i m a  (at kl m N = 0, 3.832,
7.016, etc.) and mi nima (at kl N = 2.405, 5.520, 8.654,
m
etc.). The r a d i a n c e  at the center of the sound bea m  axis 
2
is J Q (kLN) w h e r e  L is the e f f e c t i v e  b eam diameter. Fro m  
the position s of these ma xim a and minima, it is po ss i b l e  
to cal cu late bot h  L and (kLN). In this manner, a p i e z o ­
electric cr ys tal may be calib rated . Thus, for a w ater
O
med i u m  and H e- Ne  laser light i l l u m i n a t i o n  (A = 6328 A), 
the total power radia te d by the t r ansd uc er is
2
P = 0.195 (kLN) watts (3-23)
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<D = J 2 (kl N ) o m 7
1
0
0 2 4 6 8
Edge of the sound bea m
Fi g u r e  3-7 T h e o r e t i c a l  d i s t r i b u t i o n  of irradiance  due to 
a plane, pr ogre s s i v e  sound wa ve
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In pr ac ti ce the c a l i b r a t i o n  of p i e z o e l e c t r i c  crystals 
is faci li t a t e d  by using a S c hl ieren s y s t e m  in w h i c h  only 
the ze roeth di f f r a c t i o n  order is allowed to pass. For low 
sound intensities, the cr ystal voltage is d i r e c t l y  p r o ­
p o r t i o n a l  to the R a m a n - N a t h  parameter. The refor e,  it is 
only n e c e s s a r y  to record the crystal v o l t a g e  at wh ich  the 
r a d ia nc e of the sound b e a m  axis approa ch es its first 
minimum. At this point, (kLN) is equal to 2.405.
The c al ibratio n of p i e z o e l e c t r i c  c r y st al s based on
the a s s u m p t i o n  of plane ac ou s t i c  waves is, of course, not
st ric t l y  accurate. However, most m e c h a n i c a l  me tho ds  for
38
c a l i b r a t i n g  transducers are based on this assump tio n; and 
c om pared to these, the op ti c a l  method is i n h e r e n t l y  more 
a c c u r a t e  since the a c o u s t i c  field is not di s t u r b e d  during 
the mea surement.
E x p e r i m e n t a l  Results and C om parison s
Sound waves were  mad e vi sible by h o l o g r a p h i c  techni ­
ques (using both "sh ifted" and "un shifted" r e f er en ce 
fre que nc ies) and a S c h l i e r e n  system. A d i a g r a m  of the 
ac tual arrangem en t used to record hol og rams with "unshifted" 
r e f e r e n c e  fre quencies as wel l as Sc hlieren images is shown 
in Fi gure 3-8. As can be seen, both ou tpu ts  of the laser 
are utilized. The front be am (more intense) is spatially 
f ilt ered and col li ma ted and is then ma de to tr avers e a 
w a t e r  m e d i u m  in w hich a sound wave is p r o p a ga ti ng. If a
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Figure 3-8
E x p e r i m e n t a l  arran gem ent used to record "zer o - o r d e r "  h o l o ­
grams as w ell as Schlieren images.
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h o l o g r a m  is to be recor de d (with or w i t h o u t  a di f f u s i o n  
screen), the rear output  of the laser serves  as a hi g h l y  
c ohe rent r e f e r e n c e  source (see n ot e 2). On the other hand,
if a Sc hlieren image is to be obtained, the rear ou tpu t of
the laser is not used and the d i f f u s i o n  screen (8 ) and the 
f ilm  plate (9) are removed. In this manner, both a h o l o ­
gr am and a S c h l i e r e n  image may be r e c ord ed  under the same 
acou stica l c o n d i t i o n s  and with a m i n i m u m  amount of d i s ­
turbance b e t w e e n  rec ordings. The s p e ci fic com ponents 
used in this a r r a n g e m e n t  are
1. Tank - commercial, 10 gal. a q u a r i u m  tank
2. T r a n s d u c e r  - see text
3. Sound abso rb er - va rious  layers of butyl rubber
and n ylon carpeting
O
4. Laser - Spectra Physics, model 131, 1 m w , 6328 A
5. Spatial fi lter - x20 o b j e c t i v e  w ith  a pinhole
6 . M i r r o r  - first surface, m a g n e t i c  base, 1-1/2" dia.
7. C o l l i m a t i n g  lens - 8.9 cm dia., 63.5 cm F.L.
8 . D i f f u s i o n  screen - 1/6" thick glass, ground on
one side
9. Fi l m  ho ld er and film plate
10. Mi r r o r  - first surface, m a g n e t i c  base, 1-1/2" dia.
11. Sp ati al  filter - x20 o b j e c t i v e  wit h  a pi nhole
Note 2. A l t h o u g h  the p r evi ou sly d i s c u s s e d  theory s t r ic tly  
applies  only for a plane r e f e r e n c e  wave, the 
sp h e r i c a l  r e f eren ce  wa ve (with a large radius of 
curvature) used in Figu re  3-8 is a reas on ably  
a c c u r a t e  a p p r o x i m a t i o n  to a p lane wave.
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12. Mirror - first surface, 4"x5"
13. Lens - 8 " diamete r,  a p p r o x i m a t e l y  2 m e t e r  F.L.
14. Spatial filter - see text
15. Camera or screen
The figu re  also shows the a p p r o x i m a t e  d i m e n s i o n s  be tw een the 
co mp o n e n t s  which c o m p r i s e  the S c hli er en system.
In order to a p p r e c i a t e  the large, p h y s i c a l  size of 
the ex perime nt al arr an gement,  Figure 3-9 shows two views 
as ob serve d from the points  indicated in F i g u r e  3-8. In 
F i g u r e  3-9a, the d i f f u s i o n  screen (8 ), the film holder (9) 
and part of the sp at i a l  filter (1 1 ) hav e  b een removed so 
that this form of the layout is s u i ta ble for obt aining  
S c h l i e r e n  images. Bar e l y  vi sib le on the far wall in this 
p i c t u r e  is the m i r r o r  (1 2 ) wh ich refle ct s the m o d ula te d  
light b e a m . b a c k  ac ross the table and to the remaining 
c o m p o n e n t s  which c o m p r i s e  the Sch li er en syste m (see Figure 
3-9b). Figure 3-9b shows the lens (13), the spatial filter 
(14) and the camera (15 - lens removed) w h i c h  was used to 
record the Schl ie ren images.
The Schlieren images shown in F i g u r e s  3-la (which was 
i ntrod uc ed  earlier), 3-10 and 3-11 were  o b t a i n e d  with the 
op tical  ar ran gemen t shown in Figure 3-9 and w i t h  the spatia l 
filter (14) ad juste d so that all but the central, u n d i f f r a c t e d  
s p e c t r a l  order w e r e  al lowed  to pass. Un der this condition, 
those regions of the image c o r r e s p o n d i n g  to areas where no
7 7
Figur e 3-9a One view of the ex perimen ta l a r r a n g e m e n t  used 
to record S c h l i e r e n  images and h o l o g r a m s  with 
"unshifted" opt ic al referenc e waves. (The re f ­
erence num bers corr es pond to those of Fig. 3-8.)
Figure 3-9b A view of the op tic al  components used to
o bta in Sch lieren images. (The r e feren ce  n u m ­
bers correspond to those of Fi gure 3-8.)
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sound is present, should appear u n if or mly d ark whereas 
light re gio ns indicate, in a c c o r d a n c e  wi t h  e q u a t i o n  (3-18), 
the p r e s e n c e  of sound.
F i g u r e  3-la a p p r o x i m a t e l y  d e m o n str at es these principles. 
It shows the r e flect io n and some tr a n s m i s s i o n  of a (1 MHz) 
sound wave by a 1/8" thick a l u m i n u m  plate. The fact that 
the b a c k g r o u n d  in this image is not u n i f o r m l y  d ar k is due 
to the in com p l e t e  b l o c k i n g  of the zero s p e ctra l order. The 
fi l ter in g is difficult at this r e lativ el y low fr equ enc y 
be ca u s e  the zero order does not focus to an ideal "point" 
and b e c a u s e  the spectral or der s are separated  only by 
about 0.84 mm (see equ ation (3-15)).
A s s u m i n g  that the inc id ent (or reflected) sound wave 
is a plane, pr ogre s s i v e  w ave  having a ci rc ul ar cross- 
section, the radiance d i s t r i b u t i o n  over its cr oss - s e c t i o n
is gi ven  by equations (3-18) and (3-21); that is
00
5 L '  “ ^ J ^ klmN) = 1 - J o ( k l m N ) (3-24)
r = 1 ’
R e ferr in g to Fi gur e 3-7, the d i s t r i b u t i o n  given by (3-24) 
is zero at the edge of the sound beam and also exhibits 
a series of maxi ma  and minima. However, since the contrast 
be tw e e n  m i n i m a  and ma x i m a  is small, the r a d i a n c e  over the 
c r o s s - s e c t i o n  of the in cident sound beam in Fi g u r e  3-la 
appears re lat i v e l y  uniform.
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It is, of course, p o s s i b l e  to meas u r e  the radian ce  
d i s t r i b u t i o n  over the c r o s s - s e c t i o n  of the incident and 
the r e f l e c t e d  waves and to comp u t e  from the posi ti ons of 
the m a x i m a  and minima (under the plane, p r o g r e s s i v e  wave 
a p p ro xi mation)  the sound i n te nsity of each wa ve as well 
as the r e f l e c t i o n  co e f f i c i e n t  of the a l u m i n u m  plate for 
this angle of incidence. (An example of such a c o m p u t a ­
tion w il l be pr esented later.) Ano ther m e t h o d  (and p r o ­
bably the more suitable in this case) of d e t e r m i n i n g  the 
ac oustic intensity is to m e a s u r e  the r a d ian ce  of the 
i n di vidual  d i f f r a c t i o n  orders directly.
Ca re fu l e x a m i na ti on of the region next to the a l u mi nu m 
plate w h e r e  the incident and the reflec ted  waves interfere, 
reveals the pr ese nce of nodes and ant i-no de s of the r e s u l ­
tant stan d i n g  wave pattern. As known, the loci of these 
nodes are pa rallel to the m et al plate and are equally spaced  - 
the d i s t a n c e  betwe en ad ja ce nt nodes being A/2Cos 0, wh ere  0 
is the angle of incidence. This fact allows one to scale 
the p h o t o g r a p h  or to d e t e r m i n e  the freq ue ncy of the sound 
wave if one or the other q u a n t i t y  is known.
The usef ulnes s of the Schliere n me t h o d  as an e d u c a ­
tional tool is clearly d e m o n s t r a t e d  in Figu r e s  3-10 and 
3-11. Fi g u r e  3-10 shows the d i f f r a c t i o n  of a (1 MHz) 
sound w a v e  by a 1/8" wid e  x 1" long slot. To the left of 
the 1/32" thick a l u m i n u m  plat e (which co nta i n s  the slot)
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F i g u r e  3-10 A S c hliere n image showing the d i f f r actio n of 
a (1 MHz) sound wave by a 1/8" x 1" slot
F i g u r e  3-11 A S c h li eren image showing the focusing effect 
of a 1" I.D. plastic c y l ind er  on a (1.64 MHz) 
sound wave
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one obtains, of course, a st andin g w a v e  p a t t e r n  as ev idenced 
by the loci of nodes and anti -nodes p a r a l l e l  to the plate.
On the other hand, the stand ing waves to the right of this 
plate may be due to some ref lect io n from the butyl rubber.
Fi g u r e  3-11 shows the focusing effect of a 1" I.D. 
p la s t i c  cylinder on a (1.64 MHz) sound wave. The focusing 
r es ults from the fact that the speed of sound in plastic 
is hi gher than that in the s ur roundin g w a t e r  medium. (In 
optics, such a "lens" w ou ld  tend to dive r g e  the light 
r ad iation. ) Note also the con s i d e r a b l e  sound ref lection 
and r e f r a c t i o n  from the va ri ous cy lin der surfaces.
F i g u r e  3-lb shows the recon s t r u c t e d  image obtained 
from a ho lo gr am w h i c h  was recorded as per F i g u r e  3-8 
(recorded with the gr ound glass). As in Fi g u r e  3-la, this 
image also shows the r e f l e c t i o n  and some t r a n s mis si on of 
a (988 KHz) sound w a v e  by a 1/16" thick a l u m i n u m  plate.
Th e r a d ia nce d i s t r i b u t i o n  within this image may also be 
ex p l a i n e d  on the basis of a plane, p r o g r e s s i v e  sound wave 
having a circular c r o s s-s ec tion. U nde r this assumption, 
the d i s c u s s i o n  on pages 6 9 - 7 3 a p p 1 i e s ; that is, the ra d ­
iance over the c r o s s - s e c t i o n  of the sound b e a m  is dis- 
tributed in acc o r d a n c e  w it h J 0 (klm N) (see Fig u r e  3-7).
Hence, the brightest region s in this image corr espon d to 
areas w h e r e  no sound is present wherea s the darker regions 
indicate the prese nce of sound (to be mo re exact, they
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in dicate a va r i a t i o n  of the r e fra ct ive index during the 
e x p o s u r e  time of the hol ogram). This d i s c u s s i o n  should be 
co mp ar ed to that r e f err in g to Figure 3-la. Hence, as far 
as the radiance d i s t r i b u t i o n  over the c r o s s - s e c t i o n  of 
the sound wave is con cerned, Figure 3-lb wo uld  be the 
"negative " of Fi gur e 3-la if both images had been obtained  
under the same a c o u s t i c a l  conditions.
Fro m  the rad ia nce d i s t r i b u t i o n  of the incident and 
ref l e c t e d  sound waves, it is possib le to de t e r m i n e  the 
re f l e c t i o n  coe ff icient of the alu mi num pl ate for this 
angle of incidence. R e f e r r i n g  to the incident sound wave 
in Fig u r e  3-lb, imag i n e  that, starti ng at the edge of the 
sound beam, one scans over its cross-sec ti on. With r e f ­
erence to Figure 3-7, such a scan c o r r e s p o n d s  to moving 
from the origin to the right. Hence, at the pos it ion of 
the first mini m u m  in the radiance, k l m N = 2.405; and as 
one app roach es  the center of the sound beam, the radiance 
a p p r o a c h e s  its second minimum. There fore, at the sound 
beam axis, klm N «  5.5. C o n t i n u i n g  the scan from the axis 
to the other edge of the b e a m  corresponds, in Figure 3-7, 
to m o v i n g  from the point at which klm N = 5.5 to the left; 
back to the origin. In a similar manner, one obtains that 
the v al ue of the R a m a n - N a t h  parameter at the sound beam 
axis of the refl ec ted wav e  is betwee n 2.4 and 5.5. The 
exact value (4 .5 ) may be determine d by a c t u a l l y  m e a su ri ng
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the rela t i v e  rad iance di str ibu tion. Final ly, since the
2
ac o ust ic  intens ity is p r o p o r t i o n a l  to (klm N) , the po wer
2
r e f l e c t i o n  coe ff i c i e n t  is computed to be (4.5/5.5) =
0.67.
Com p a r i n g  F i g u r e s  3-la and 3-lb, it is noted that 
the bright b a c k g r o u n d  in the r e c o n s t r u c t e d  image appears  
c o n s i d e r a b l y  more u n i f o r m  than the d ark  b a c k g r o u n d  in the 
S c h l i e r e n  image. The reason that one is brigh t w hile the 
other is dark has al re a d y  been disc us sed, i.e. it resu lts 
from the fact that the h o l o g r a m  was recor d e d  with an 
"u nshi f t e d "  re f e r e n c e  w av e (zero order shift) whereas  the 
S ch l i e r e n  image was re cor d e d  with all but the zeroeth 
sp ect r a l  order. On the other hand, the mo re unif o r m 
b a c k g r o u n d  in the r e c o n s t r u c t e d  image result s from the 
fact that the "f i l t e r i n g "  in the h o l o g r a p h i c  meth od is 
a c c o m p l i s h e d  by v a r y i n g  the frequency of the op tical 
r e f e r e n c e  wave and is therefore, not limited by the 
p r a c t i c a l  problems a s s o c i a t e d  with the sp at ial fil tering 
of the d i f f r a c t i o n  orders  that is r e q uired in the S c h li er en 
m e t h o d .
C o n t i n u i n g  the compa rison, note that the r e c o n s t r u c t e d  
image also shows the res ultant st an di ng w ave pa ttern next 
to the a l u mi nu m plate. Finally, the s t r i a t i o n s  in the 
r ef l e c t e d  and t r a n s m i t t e d  sound waves in Fi g u r e  3-lb are 
sus p e c t e d  to be due to u n w anted  re f l e c t i o n s  from the tank 
bottom.
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Some of the ca p a b i l i t i e s  of the h o l o g r a p h i c  me th od 
to v i s u a l i z e  l o w - f r e q u e n c y  sound w ave s are i l l u s trated  in 
Fi gures 3-12 and 3-13. Figure 3-12 shows the " n e a r - f i e l d "  
and "f ar- fie ld" r a d i a t i o n  patterns of a 2 . 2  cm dia. crystal 
w h i c h  is v i b r a t i n g  at 328 KHz. A l t h o u g h  the side lobes 
are p a r ti ally o b s t r u c t e d  by the t r a n s d u c e r  housing, these 
lobes as well as the mai n  lobe are clearl y visible. Note 
that, in the Fr es ne l region of this cr ystal  wher e the 
sound wave may be c on si dered to be a p p r o x i m a t e l y  plane, 
the ra dia nce d i s t r i b u t i o n  over its c r o s s - s e c t i o n  is 
simila r to that shown in Figure 3-lb. Ob ser ve  also that 
the b a c k g r o u n d  of this image does not appear  uni f o r m l y  
bright. The va ri ous dark regions in the ba ckg r o u n d  (which 
may also be ob se rv ed in other r e c o n s t r u c t e d  images) are 
caused by s l o w - m o v i n g  water curr ents inev it ably g e nerat ed  
by the transducer. The re sultant v a r i a t i o n s  of the r e ­
f r a ct ive index are de tected in the same manner  as those 
p r o du ce d by the h i g h - f r e q u e n c y  p r e s s u r e  fluctuations.
Fi gure 3-13 shows the s t a ndi ng  wa v e  patter n gen e r a t e d  
by a 2-1/2" dia. cry stal which is v i b r a t i n g  at 164 KHz. 
A l t h o u g h  the sound ab so rb er of F i g u r e  3-8 was used, note 
that the formatio n of st anding w aves is almost u n a v o i d a b l e  
at this low frequency.
In order to exam i n e  the c o n t e n t i o n  that, under 
ce rta in conditions, the radiance w i t h i n  recon s t r u c t e d  and
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F i g u r e  3-12 R e c o n s t r u c t e d  image showing  the "ne a r - f i e l d "  
and "far- fie ld" r a d i a t i o n  patterns of a small 
cr ystal  v i br ating at 328 KHz
F i g u r e  3-13 R e c o n s t r u c t e d  image of the standing w ave pa ttern  
g en e r a t e d  by a large cr ystal vib r a t i n g  at 164 KHz
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S c h li eren images can be equally d i s t r i b u t e d  (see page 69), 
the sound f r e q u e n c y  was in cre ased to 3.23 MHz (the third 
h a r mo ni c of a 2.2 cm dia., 1 MHz crystal) to f a c i l i t a t e  
the spatial f i l t e r i n g  of the v a r i o u s  spectral orders.
Figure 3-14 shows the r e c o n s t r u c t e d  image obta ined  
from a h o l o g r a m  w h i c h  was rec orded as per Fi g u r e  3-8. (As 
shown, the f r e q u e n c y  of the op ti ca l r e fer en ce wa v e  was not 
shifted (n=0) and the d i f f u s i o n  screen was used.) Clearly 
v i s i b l e  on the ground glass is the ou tline of the sound 
w a v e  as well as the shadow of a copper wire. This "pointer" 
is situated a p p r o x i m a t e l y  13 cm to the right of the crystal 
face. No t i c e  that the effect of s low -m oving w a t e r  currents, 
as d i sc us sed pr eviously, has o b s t r u c t e d  the right po rt io n 
of the sound image.
The d i f f u s i o n  screen (8 ) in Fi gu re 3-8 was then 
re moved and a new h o l o g r a m  was recorded. Fi gu re 3-15 shows 
the image r e c o n s t r u c t e d  from this h o l o g r a m  w it h the a r r a n g e ­
ment shown in Fi g u r e  3-4a. (The pictures il l u s t r a t e d  in 
F i g u r e  3-4 wer e  ob ta ined from this hologram.)
A Sc h l i e r e n  syst em (as per Figur e 3-8 with the ground 
glass and film plate removed) u t i l i z i n g  the same plane wave 
i l l u m inat in g source as the ab ove two holograms, was also 
used to detect the same sound wave. The image of this wave 
was formed by allow i n g  only the zero e t h  d i f f r a c t i o n  order 
to pass the spati al  filter (r=0 ), and since it ap pe ared
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Fi gu re  3-14 R e c o n s t r u c t e d  image of a d i f f u s i o n  sc reen showin g
the ou tli ne  of. a (3.23 MHz) sound wave. The 2.2 cm. 
dia. cry stal is 13 cm. to the left of the wire.
F i g u r e  3-15 Image of the same sound w a v e  as above, but r e ­
c o n s t r u c t e d  from a h o l o g r a m  w hich was r e c orded 
w i t h o u t  the use of a d i f f u s i o n  screen
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i d enti ca l to F i g u r e  3-15, the r e su ltant image is not i l l u s ­
trated here.
Finally, the r a d i a n c e  d i s t r i b u t i o n  was measur ed 
over the c r o s s - s e c t i o n  of the sound b e a m  im me di a t e l y  above 
the "pointer". F i g u r e  3-16 shows the c o m p a r i s o n  of these 
m e a s u r e m e n t s  for the three images d i s c u s s e d  above.
R ef e r r i n g  to Fig u r e  3-16, it is eviden t that the 
r a d i a n c e  d i s t r i b u t i o n s  agree well w i t h i n  ex p e r i m e n t a l 
error. Notice also that the r a d i a n c e  d i s t r i b u t i o n s  of the 
r e c o n s t r u c t e d  image (holog ram  r e c or ded w i t h o u t  a diffuser) 
and of the Sc h l i e r e n  image are somewhat  irreg ular and 
that their mi n i m a  a p p r o a c h  zero; w h e r e a s  a smooth d i s t r i ­
b u t i o n  of reduced co ntr ast is o b t aine d from the h o l o g r a m  
w h i c h  was recorded wi th a di f f u s i o n  screen. As dis cussed  
on pages 60 and 69, both of these re su lts are expected.
If it is agai n as su me d that the r a d i a n c e  d i s t r i b u t i o n s  
in Fi g u r e  3-16 are due to a plane sound w a v e  having a 
c i r c u l a r  cross-se ction,  then the p o s i t i o n s  of the m i n i m a  
and max i m a  allow one to calculate  the e f f e c t i v e  b eam d i a ­
met er L and the R a m a n - N a t h  pa rameter (kLN) at the b e a m  
axis. Hence, w i t h  r e f e r e n c e  to F i g u r e  3-16, as the b e a m  
is sc ann ed from either edge to its center, the fol lowing  
rel a t i o n s  prevail
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kN [L 2 - (2p !) 2] 2= 2 . 405 at first m i n i m u m
kN [l2 - (2 p 2 ) 23 ’= 3.832 at se cond m a x i m u m
w h e r e
Pl = c r o s s - s e c t i o n a l  coord inate at the first minimum,
- 7.5 mm
P 2 = c r o s s - s e c t i o n a l  co ord inate  at the second maximum,
- 4.5 mm
The above two r e l a t i o n s  may be so lve d s i m u l t a n e o u s l y  to 
yi eld  L -  17.9 m m  and (kLN)-4.4.
Sound waves wer e  also made v i s i b l e  by the h o l o g r a p h i c  
and Schli eren m e t h o d s  w h e n  the f r e q u e n c y  of the re f e r e n c e  
wav e  used to record the ho lo gram as well as the f r eq ue ncy 
of the light w a v e  allo w e d  to pass the spatial filter (in 
the Schlieren system) w e r e  tran slated  by an integer 
m u l t i p l e  of the sound frequency.
Figure 3-17 d i a g r a m a t i c a l l y  shows the ar rangeme nt  
used to record the hologram. No t e  that the same a c o u s t i c  
wav e  which is m a d e  v i s i b l e  is also used to translate the 
f r eque nc y of the op ti c a l  re ference wave. As shown, any 
desired  order of shift in the r e f e r e n c e  frequen cy can be 
selected  by p r o p e r l y  p osi ti oning the sp at ia l filter.
Figures 3-18a, b and c are r e c o n s t r u c t e d  images 
showing a (6.5 MHz) sound wave p r o p a g a t i n g  to the left 
in a water medium. The holograms c o r r e s p o n d i n g  to parts " b " 
and "c" were r e c o r d e d  in a ccor da nce wi th Figure 3-17 and 
wit h  n = 1 and 2, respectively. The h o l o g r a m  c o r r e s p o n d i n g
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Sound
R e f e r e n c e  
source, o>
I l l u m i n a t i n g  
s o u r c e ,
Tank w i t h  t r a n s ­
parent w i n d o w s
'v'- Tr a n s d u c e r ,
Lens
Spatial filter, select n= 0,l,2,
Mi rr or
Film plate
Fi g u r e  3-17 A r r a n g e m e n t  used to record  holograms w i t h  a 
" f r e q u e n c y  shifted" r e f e r e n c e  wave
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H O L O G R A P H I C SCHLIEREN
n = 0 a ' , r = 0
b , n = 1 b ’ , r = 1
n = 2 c ' , r = 2
Figure 3-18 C o m p a r i s o n  of h o l o g r a p h i c  reco ns t r u c t e d  and 
S c h l i e r e n  images (see text)
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to image "a" was recorded w i t h  n = 0 ; but rather  than 
tra ve rs ing the water medium, as shown in F i g u r e  3-17, the 
r e fere nc e w a v e  was routed around the tank (the reas on  for 
this ac t i o n  w ill become a p p arent shortly). All three 
images w e r e  r e c o n s t r u c t e d  as per the a r r a n g e m e n t  shown 
in Fig ur e 3-4b.
A S c h l i e r e n  system (as per Figure 3-5) u t i l i z i n g  the 
same plane w a v e  ill u m i n a t i n g  source as the ab ove holograms, 
was used to image a si milar (but not the same) sound wave. 
Fi gures 3-18a', b' and c' show the Sch lier en  images which 
were formed w h e n  the 0 , 1 st and 2nc* spectra l orders were 
allowed to pass the spatial filter, re spectively .
F i g u r e  3-18 illust rates a nu mber of c h a r a c t e r i s t i c s  
of both v i s u a l i z a t i o n  systems. As discusse d previously, 
in images o b t a i n e d  with a " z e r o -o rder shift" (Figures
3-18a and a'), the regions w h e r e  no sound is prese nt 
(the b a c k g r o u n d )  appears u n i f o r m l y  bright; w h e r e a s  the 
b a c k g r o u n d  in all other images is u n i for ml y dark. This is 
a direct c o n s e q u e n c e  of e q u a t i o n  (3-11); that is
The u n d e s i r a b l e  effect of sl ow-m o v i n g  w a t e r  currents 
w hic h r e s u l t s  in a loss of c o h e r e n c e  and theref ore, a loss 
of image detail, is evident in all of the r e c o n s t r u c t e d
( 0
i|»n ( y = 0 )  = <
when n = 0
when n / 0
(3-25)
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images. The effect, however,  is more p r o n o u n c e d  in parts 
b and c - pro bably b e c a u s e  both the i l l u m i n a t i n g  and r e f ­
erence w a v e s  traversed  the wa ter m e d i u m  du ring the r e c o r d ­
ing of the hologram. (This result sug gests one method of 
m i n i m i z i n g  this d i s t u rb ance; that is, d e c r e a s i n g  the total 
op ti c a l  path length in the wa ter medium.) Image "a" also 
ex hi bi ts a number of "speckles". These are due to dust 
pa r t i c l e s  wh ich wer e trapped by the s w o l l e n  emulsion 
during the p h o t o g r a p h i c  p roces si ng of the hologram. As 
d i s c u s s e d  on page 60, their effect ap pe ars in the r e c o n ­
structed  image b e c a u s e  the holog ra m was reco rd ed with 
n o n - d i f f u s e  illumination.
N o t i c e  that the sound b eam appears w ide r in parts 
b or b' than in a or a'. This results from the greater 
s e n s i t i v i t y  of each sy s t e m  when the " f i r s t - o r d e r  shift" is 
utilized. As an example, consid er that the sound wa ve is 
plane and p r o g r e s s i v e  so that the r a d i a n c e  w i t h i n  each 
r e s p e c t i v e  image is (see equa tion 3-22)
Since the contrast in the latter is t h e o r e t i c a l l y  infinite,
in this image appears v i s i b l e  for a sm aller  value of 
(klm N) than in the image obtain ed wit h  a "z ero-order shift". 
Hence, if the sound b e a m  has a cir cular cross-se ction , it
f i r s t - o r d e r  shift
z er o- order shift
i.e. j 2 (klm N ) / j 2 (0 ) CO , the edge of the sound beam
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w i l l  appear to have a larger d i a m e t e r  in images w h i c h  are 
obtained with a " f i r s t - o r d e r  shift."
Co m par in g the r a d ian ce  d i s t r i b u t i o n s  over the cross- 
section of the sound b e a m  in the c o r r e s p o n d i n g  images shown 
in Fig ur e 3-18, it is noted that those of parts a and a', 
and c and c 1 ap pear almost the same wher e a s  those of parts 
b and b' differ. (Remember that the contrast in the r e ­
co nstr u c t e d  images is reduced so me what due to the use of 
a di f f u s i o n  sc r e e n  in the r e c o n s t r u c t i o n  process.) Since 
the radiance at the sound beam  axis in Figure 3-18b ' 
a pp ro aches a m i n i m u m  wher e a s  that in image b does not, the 
a c o ustic i n te nsity of the sound w a v e  imaged wit h  the 
Sc h l i e r e n  system  appears to be hig h e r  than that of the 
sound wave w h i c h  is ma d e  v i s i b l e  w i t h  the h o l o g r a p h i c  
m e t h o d .
Comparin g the h o l o g r a p h i c  and S c hlier en  v i s u a l i z a t i o n  
systems, it is eviden t that, on a t heoret ic al basis, the 
two systems d e s c r i b e d  in this ch ap te r are equally ver satile. 
On a prac ti cal basis, however, one or the other sy s t e m  may 
be mo re sui ta b l e  for a parti c u l a r  application.
The pr imary adv a n t a g e  of the Sc h l i e r e n  system  is that 
the imaging pr oc ess is a " real -t ime" process. Fur th ermore,  
it is possible to obtain in f o r m a t i o n  about the sound wave 
by anal yz ing either the d i f f r a c t i o n  sp ec tra d i r e c t l y  or
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the r a d i a n c e  d i s t r i b u t i o n  in the image plane. However, for 
a c c ur at e analyses, high qual i t y  glass w i n d o w s  and special 
S c h l i e r e n - f r e e  lenses are required. Fu rt hermore , the task 
of s e p a r a t i n g  the spectral orders becomes i n c r e a s i n g l y  more 
di ff icul t as the sound f r e q u e n c y  is d e creased  (see equation 
(3-15)) since this re qu ires that the focal length of the 
lens and the light beam d i a m e t e r  become i n c r e a s i n g l y  larger. 
Thus, due to p r actic al  c o n s i d e ra tions,  it is gen erally  
accep ted  that the Sch l i e r e n  sys t e m  cannot be used to image 
sound w a v e s  w h o s e  fr e q u e n c y  is less than about 500 KHz.
The h o l o g r a p h i c  method, on the other hand, is not 
affect ed by this l o w - f r e q u e n c y  restr iction. This is 
il lus tr ated in Fig ures 3-12 and 3-13 - norma lly, these 
images could not be o b t ained wit h  Schlier en methods. 
Fu rther mo re , a permanent and a c c ur at e record of the d i s ­
tribut ion  of irra diance  w i t h i n  the image can be obtained 
with r e l a t i v e l y  simple optics, p e rmit ti ng m e a s u r e m e n t s  of 
the R a m a n - N a t h  para me ter (under plane wav e assump tio ns) 
even long after the p r o d u c t i o n  of the a c o ustic phenomenon. 
This, of course, can also be acc o m p l i s h e d  w i t h  the Schlieren 
method, but it requires sp eci al control of the p h o t o gr aphic 
parameters. As a result, the ho logr a p h i c  t e c h n i q u e  is 
p a r t i c u l a r l y  suited for the in ves t i g a t i o n  of acou st ic 
t r a n s i e n t s .
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Chapter IV
D E T E C T I N G  AND M E A S U R I N G  THE D I S P L A C E M E N T  A M P LIT UD E  
OF V I B R A T I N G  OBJECTS
The w o r k  described in C h a pt er s V and VI ma ke s use of 
devices w h i c h  permit the d e t e c t i o n  and m e a s u r e m e n t  of small 
(fractions of a wa vel eng th) sinusoi dal v i b r a t i o n  amplitudes. 
In this chapter, some of the existing i n t e r f e r o m e t r i c  d e t e c t ­
ion m e t h o d s  and m o d i f i c a t i o n s  thereof are discu ssed.
M o d i f i e d  M i c h e l s o n  I n t e r f e r o m e t e r
F i g u r e  4-1 shows the d i a g r a m  of a m o d i f i e d  Mic h e l s o n
i n te rferom et er. The a r r a n g e m e n t  is similar to that used by 
18
D e f e r r a r i  except that a spat i a l  filter (see note 1) has 
been added in order to i n c r e a s e  the s i g n a l - t o - n o i s e  ratio.
R e f e r r i n g  to Figure  4-1, a m o n o c h r o m a t i c  wav e  of fre­
quency to is split into two w a v e s  by the b e a m  splitter. One 
of these w ave s (reference wave) is re flected from a "fixed" 
mi r r o r  w h i l e  the other is fo cused onto the v i b r a t i n g  object 
by the objective. (By f o c u s i n g  the light onto the object, 
the s y s t e m  can be used to inves ti gate n o n - p o l i s h e d  objects.) 
The w a v e  reflec ted by the object (object wave) and the re f ­
e ren ce w a v e  are reco mbine d at the beam splitt er, spatially 
filtered, and detected by the photo detector. The function
Note 1. The addition of a sp ati al  filter was ori gi na lly 
su ggested by M. Lu rie of RCA Labor a t o r i e s ,  
Princeton, N. J., 08540.
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"F ix ed " mi rror
Obj ective
Bea m
sp l itt er V i brat in g 
object of 
frequency
M o n o c h r o m a t i c  light 
source of frequency
RO
<> Spatial fi lter
Photo d e t e c t o r
D i s p l a y
Amp li fi er  
(tuned or br oadband)
Figure 4-1 Ar rangem en t of the m o d ified  M i c h e l s o n  i n t e r ­
ferometer
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of the spatia l filter is to select only the plane wa ve
com ponen t of each i n t e r f e r i n g  w a v e  so that less than one
fringe appears across the a p e r t u r e  of the r e c e i v i n g  photo
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detector.
The i r ra diance at the p h o t o d e t e c t o r  can be exp re ssed
as
S i  “ jER C o s [wt - k ( 2 1 R + 1r q )J +
f |2 <4 “ 1 )
E 0 Cos[a)t - k (21 0 + 1 ro - 2C)]|
wh ere
E^ = electric field a m p l i t u d e  of the r e f e r e n c e  wave
E q = electric field a m p l i t u d e  of the object  w av e
0) = angula r fre q u e n c y  of the light source 
k = 2TT / A.
X = w a v e l e n g t h  of the light source
1r = op tical path le ngth betw e e n  the b e a m  sp litter 
and the "fixed" mi r r o r
1q = optical path le ngth betw e e n  the b e a m  splitter
and the mean p o s i t i o n  of the object
Ir O = optical path leng th  be tw e e n  the b e a m  sp lit ter
and the photo d e t e c t o r
C(t) = i n s t an ta neous v i b r a t i o n  amp li tude of the 
obj ect
The photo de tector re sponds to the irra d i a n c e  expresse d 
in e q u a t i o n  (4-1), but since it cannot r e s p o n d  to the 
high op ti c a l  fre quencies, the re sul tant cu rre nt output 
of the p h o t o t u b e  is
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i(t) \  E| + Eq + Er Eq Cos <p(t) (4-2)
w here
<|)(t) = 2k [ l 0 - 1r - C(t)] = 0 O - 2k ?(t)
0O = 2k ( 1 0 - 1r)
If the m o t i o n  of the object is sin uso id al and of frequ ency
fi, i.e. C(t) = A Sin fit, then
i (t )oc i ( E |  + E q ) + E r E q C o s  0 o^ ^ J m (2kA) Cos mfit
m=0 , 2,4 , . . .
+ er e 0 sin Jm (2kA) Cosmfit (4-3)
m — 1,3,3,...
w h e r e  Jm (2kA) is the order Bessel fu nc tion of argume nt
(2kA) and A is the peak v i b r a t i o n  amplitu de  of the object. 
Hence, the photo detect or current contains an i n f init e 
number of fre q u e n c y  compo n e n t s  wh ich  are re la t e d  h a r m o n i ­
cally to the f u n d a m e n t a l  f r e q u e n c y  of the v i b r a t i n g  object.
E x a m i n a t i o n  of equ at ion (4-3) also shows that the 
a m p l i t u d e  of each fr e q u e n c y  compone nt de pends on the 
v i b r a t i o n  a m p l i t u d e  (through the term Jm (2kA)) as w e l l  as 
on the m e a n  positions of the object and "fixed" m i r r o r  
(through the angle 0 O )* Specif icall y,  i r r e s p e c t i v e  of the 
v i b r a t i o n a l  a m pl itude A of the object, all even n u m b e r e d  
fr e q u e n c y  compo ne nts are zero w hen (1q-1r) = (l+2n) A / 8 ,
n - 0 ,1 ,2 ,...; and all odd n u m b e r e d  fre que nc y co mpo n e n t s  
are zero w hen  (Iq-Ir) = nA/4, n=0,l,2,... T h ere fo re, the 
a m p l i t u d e  of any one fr e q u e n c y  componen t wil l  va ry from
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zero to a m a x i m u m  as the mea n  p o s i t i o n  of the object or 
the p o s i t i o n  of the "fixed" m i r r o r  drifts by A / 8 .
The re sult of the above d i s c u s s i o n  is that ex tr eme  
m e c h a n i c a l  s t a b i l i t y  is required. W he n small d i s p l a c e m e n t  
a mp li tudes are to be measured, it may  even be n e c e s s a r y  
to use a f e e d b a c k  system to v a r y  ( e l e c t r o m a g n e t i c a l l y  or 
p i e z o e l e c t r i c a l l y )  the p o s i t i o n  of either the "fixed" 
mirror or the object so that (1q - 1r) remains constant.
The s e n s i t i v i t y  of this i n t e r f e r o m e t e r  can be 
m a x im iz ed by
1. A d j u s t i n g  the r a d i a n c e  of the r e f e r e n c e  or 
object beams so that E r  = Eo
2. A d j u s t i n g  the me a n  p o s i t i o n  of the object 
or fixed mi rror so that Sin 0 O = 1 and 
(lo- lR)-nLc, n =0,l ,2 ,... (see Fig. 4-1
and page 108) w h e r e  Lc is the length  of the 
laser cavity
3. S e l ecting only the f unda me ntal f r e q u e n c y  
co mpo nent (m=l in eq. 4-3) by m ea ns  of 
an am plifier tuned to fi
Under these conditions, the photo detector ou tput sign al is
output signal  °s J^(2kA) Cos fit (4-4)
T he re  are se ver al tech n i q u e s  that can be used to
18
calibrate  this interfer omete r.  A simple and a c c u r a t e  
method is to va ry the v i b r a t i o n  am p l i t u d e  of the object 
and to re cord the m a x i m u m  output signal from the amp l i f i e r  
in Fi gure 4-1 w h e n  the a m p l i f i e r  is tuned to the fu nd am e n t a l  
frequenc y fi. Since this point is pr e c i s e l y  known, na m e l y
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2kA = 1.841, the disp l a c e m e n t  a m p l i t u d e  A of the object
O O
can be c a l c u l a t e d  (A = 927 A for X = 6328 A ) . An y  other 
v i b r a t i o n  a m p l i t u d e  can be d e t e r m i n e d  a b s o l u t e l y  by 
relat ing  the cor re s p o n d i n g  a m p l i f i e r  output signal  to the 
" c a l i brat ed " signal through the kn own v a r i a t i o n  of the 
first or der Be ssel function.
The ab ov e a b s olu te  v i b r a t i o n  a m p li tu de m e a s u r e m e n t  
requires that 0 O remain con st ant and that a v i b r a t i o n
O
amp li tu de of at least 927 A can be attained. If either 
one of these two req u i r e m e n t s  cannot be met, a more 
sa t i s f a c t o r y  m e a s u r e m e n t  t e c h n i q u e  may be to record the 
amp li tude s of the fu ndam e n t a l  and third h a r mo ni c freq uency 
co mponents s i m u l t a n e o u s l y  w i t h  a s p e ctru m analyzer. In 
this manner, a b s o l u t e  v i b r a t i o n  ampl it udes can be ca lculated 
from the ratio (2 k A ) /J 3 (2 k A ) (for an example of this 
technique, see the next section). With mo dern s p e c t r u m  
analy zer s having a dynamic ra nge of 80 dB, the i n te rf ero-
O O
meter can be cal ibra te d wi t h  as little as 50 A (X = 6328 A) 
of d i s p l a c e m e n t  amplitude.
Once the interf e r o m e t e r  has been cal ibrated, a b s o l u t e
O
v i b r a t i o n  am pl i t u d e s  of less than 10 A can be m e a s u r e d
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w ith  ease; in fact, K h a n n o , u si ng an a rra ng ement sim ilar 
to that shown in Figure 4-1 (but wi th out the sp atial  filter) 
has r e p or ted the me asur e m e n t  of a dis p l a c e m e n t  a m p l i t u d e
O
of 0.03 A .
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Laser F e e d b a c k  Inte rf e r o m e t e r
A laser in terfer om eter w h i c h  has been used to m e a s u r e
large d i s p l a c e m e n t  ampl itudes  (several wa velengths) and
ve lo cities of vi b r a t i n g  ob je ct s is shown in Fi g u r e  4-2a.
An external m i r r o r  Mj is p o s i t i o n e d  so that ne a r l y  all
of the light is reflected ba c k  into the laser cavity,
and a photo d e t e c t o r  moni tors the light emergin g from the
other end of the laser cavity. As the external mirror
47
moves along the laser axis, King and Steward noted that 
the laser power output at the photo detect or may be 
enhanced or dimini shed, and that the effect is perio d i c  
for each h a l f - w a v e l e n g t h  of m o t i o n  of the mirror .
A l t h o u g h  the laser i n t e r f e r o m e t e r  shown in Fig ur e
4-2a co nsists of only a few co mponen ts , its operation, 
from an op ti cal point of v i e w  is quite complica te d since 
the add it i o n  of the external mi r r o r  M]_ e ff ectivel y forms 
two coupled F a b r y - P e r o t  op tica l resona tor s, one of w h i c h  
(the laser cavity) contains an "a cti ve" medium. Hence, 
in order to d e s c r i b e  the effect r e p orted  by King and 
Steward mo s t  completely, it is n e c e s s a r y  to explore the 
resonant f r e q u e n c i e s  and e i g e n f u n c t i o n s  of such a system. 
To the k n o w l e d g e  of this author, such a general a n a lysi s 
has not b e e n  performed, a l t h o u g h  the system has been 
discus sed  under several s i m p l i f y i n g  a p p r o x i ma tions^
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Laser cavity
Ex terna l mi rror 
M,
f----
High output 
Mo
L o w  output 
M 3
D i s c h a r g e  tube
P hot o de te ctor
a) A r r a n geme nt  of the laser f e e d b a c k  interfe r o m e t e r
M„ ^2 Incident light ^2' Inciden t light
?(t)
R(t)
Reflecte d light R e f l e c t e d  light
b) Re placi ng the externa l cavity w i t h  an equivalent 
reflector having  r efl ec tance R
F ig ur e 4-2 The laser fe edb ack i n t e r f e r o m e t e r  and a si mple 
m e t h o d  of ana lyzing its p r i n c i p l e  of o p e r a t i o n
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One such a p p r o x i m a t e  analysis is to consid er only
the m u l t i p l e - b e a m  i n t e r fe re nce of the e x t ernal cavity
fo rmed by mirrors Mi and M 2 and to treat the laser cavity
and its "active" m e d i u m  as an optical oscil l a t o r  whose
fe e d b a c k  co e f f i c i e n t  is a p p r o p r i a t e l y  modula ted . R e f e r r i n g
to Figure s 4-2a and 4-2b, the etalon pr op e r t i e s  of the 
/
F a b r y - P e r o t  ca vity formed by the e x t e r n a l l y  vi brating 
mi r r o r  Mi and the laser cavity mi r r o r  M 2 allow it to be 
rep laced  with a fixed reflector M^ ha vi ng an equivalent 
r e f l e c t a n c e  R, w h i c h  can be ex pre sse d as
r! + r ? ( l-L o) ^ - 2r-i r o (1-Lo ) Cos O(t)
r = ----- ±----- 1— -------------  £---------  (4_5)
1 + ( r i ^ )  - 2 r i r 2Cos a(t)
w h e r e
a(t) = 2k [ l 0 - ?(t)J = 0q “ 2 k ? (t)
R = e q u i v a l e n t  re flec t a n c e  of the external 
ca v i t y  formed by mirr ors Mi and M 2
ri = a m p l i t u d e  r e f l e ctiv it y of the external 
m i r r o r  Mi for light coming from M 2
r 2 = a m p l i t u d e  r e f l e ctivit y of the laser cavity 
m i r r o r  M 2 for light co min g from Mi
L 2 = f r a c t i o n  of the incident energy that is
a b s o r b e d  during  each r e f l e c t i o n  at mirror M 2
a (t) = phase  d i f f e r e n c e  be twee n s u c c e s s i v e  i n t e r ­
f eri ng waves (see note 2 )
Note 2. Strictly speaking, a is the same only when Ml is 
stationary. Fur t h e r m o r e ,  the f r eq uency of the light r e ­
flected  back into the laser cavity e x p e r i e n c e s  a Dopp l e r  
shift which must be less than the b a n d w i d t h  of the laser 
oscillator. For these reasons, this a n a ly si s applies only 
for low frequen cy v i b r a t i o n s  of the mi r r o r  Mi.
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9o " 2 k l 0 
k = 2ir/A
A = w a v e l e n g t h  of the incident light
£(t) = i n s t a n t a n e o u s  vibr ation a m p l i t u d e  of the
mirror
The equivalent r e f l e c t o r  M^ and the m i r r o r  Mg are 
n o w  c onside re d to for m  the laser cavity. As the external 
m i r r o r  Mj slowly m o v e s  al ong the laser axis, the r e f l e c ­
tance R of M^ vari es in a c c o r d a n c e  wit h  e q u a t i o n  (4-5) 
and changes the f e e d b a c k  coeffi cient of the laser oscillator; 
w i t h  the result that the laser output po wer is modified. 
C l u n i e  and R o d  e x p e r i m e n t a l l y  d e m o n s t r a t e d  that, for low 
v i b r a t i o n a l  f re quencie s of the mirror M ^ , the ir radiance 
at the photo d e t ec to r and therefore, the photo detector
o utp ut is p r o p o r t i o n a l  to the r e f l e ctance  R of the
e q u i v a l e n t  cavity m i r r o r  M £ .
photo d e t e c t o r  output “ R(t)
It should be r e c o g n i z e d  that the e x p r e s s i o n  for the
r e f l e c t a n c e  R (equation (4-5)) is the A i r y  f u n ct ion for
the light reflected fr o m  a F abry- Pe rot i n t e r f e r o m e t e r
h a v i n g  un equal mirr or  re flectivities . For such a system,
the re f l e c t a n c e  and th erefore, the photo d e t e c t o r  output
is a m i n i m u m  w h e n e v e r  O = n 2iT, n = 0 ,l,2 ,..., i.e. wh en ever
the m i r r o r  disp l a c e m e n t  is A/2 from a p o s i t i o n  of ma xi m u m
ou tput (tuned F a b r y - P e r o t  cavity). Hence, this result
47
e s s e n t i a l l y  d e scr ib es the o bs ervatio n ma d e  by King.
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A d i s c u s s i o n  of othe r i n t e r e s t i n g  c h a r a c t e r i s t i c s
of this i n t e r f e r o m e t e r  and a so me wh at d i f f e r e n t  analys is
76
are given by Rudd. For furthe r in f o r m a t i o n  about the 
o p e r a t i n g  pri n c i p l e  of this i n t er fe romete r,  the reader 
may co nsult K l e i n m a n  and K o g e l n S k  since the a r r a n g e m e n t  
shown in F i g u r e  4-2a can be used for mode s u p p r e s s i o n  
and si ng le freq ue ncy o p e r a t i o n  of gas lasers.
To the k n owled ge  of this author, the a b s o l u t e  
m e a s u r e m e n t  of small (fracti on s of a w a v e l e n g t h )  v i b r a t i o n  
am p l i t u d e s  w i t h  the laser f e e d b a c k  i n t e r f e r o m e t e r  repres ent s 
a new a p p l i c a t i o n  of this device. If, in e q u a t i o n  (4-5), 
the pr oduct  * 1*2 s m a H  c o m p a r e d  to unity, the r e f l e c t ­
ance and therefore, the ph oto d e t ec to r current be comes
i(t) a R(t) - r 2 + r ^ ( l - L 2 )^ - 2 r ^ r 2 (I-L2 ) Cos a(t) (4-6)
The c o n d i t i o n  that r ^ ^  << ^ eq uiv alent  to s t i p u l a t i n g  
that i n t e r f e r e n c e  occurs only be tw e e n  the initia l waves 
re f lec te d from mirrors and M 2 (see F i g u r e  4-2b). C o m ­
paring e q ua tions (4-6) and (4-2), i(t) is
i(t) “ r^ + r 2 (l-L2 ) 2 - 2 r 1 r 2 (1-L2 )Cos 0 O ^  Jm (2kA)Cos mftt
m= 0,2,4,...
- 2 r ^ r 2 (1-L2 )Sin 0 Q ^  Jm (2kA)Cos mflt (4-7)
m — 1,3,5, . . .
j. 1
w h e r e  Jm (2kA) is the m order Bessel f u n c t i o n  of argument 
(2kA) and A is the peak v i b r a t i o n  a m p li tu de of the mirror 
M-^. Hence, the pre vious d i s c u s s i o n  about the v a r i a t i o n
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of each h a r m o n i c  freque nc y c o mp on ent with the me a n  positi on 
of the object (mirror M 3 ), the m e c h a n i c a l  s t a b i l i t y  r e q u i r e ­
ments, and the c al ibratio n p r o c e d u r e  applies eq ually well 
here w h e n  (1 q - 1r) on page 100 is replaced wit h  1q .
Un der the condit ion  that r ^ r 2 << 1> the laser f e e d ­
back i n t e r f e r o m e t e r  can be thought of as a M i c h e l s o n  i nt er ­
fe ro me ter w h e r e  the ex terna l cavity  is c o n s i d e r e d  to be one 
arm and w h e r e  the laser ca vity is con sidered to be the 
re f e r e n c e  arm. The laser mirr o r s  M 2 and M 3 p r o v i d e  feedback 
for the o p t i c a l  osc il la tor as well as spatial  fil t e r i n g  of 
the res u l t a n t  beam. The an al o g y  can be ca rr ied one step 
further when one compares the cond ition for the m a x i m u m  
fringe v i s i b i l i t y  at the ph oto de tec tor a p e r t u r e  (assuming 
that the M i c h e l s o n  i n t e r f e r o m e t e r  uses a laser as a source 
of l i g h t ) .
M i c h e l s o n  interfe r o m e t e r  (1q -1 r ) = nL^
(4-8)
La ser feedb ac k i n t e r f e r o m e t e r  (lo-Lc) = (n-l)L(j 
w here n = 0 ,l, 2 ,... and Lq is the length of the laser cavity.
A b s o l u t e  v i brati on  a m p l i t u d e s  of a v i b r a t i n g  p i e z o ­
e le ctric crystal (150 KHz) wer e  me asured wit h  the a r r a n g e ­
ment shown in Figure 4-3a. The ob jective was mou nt ed 
d i r ec tly on the laser h o u s i n g  so that the o p t i c a l  a l i g n ­
ment con s i s t e d  merely of p o s i t i o n i n g  the la se r - l e n s  c o m ­
b i n a t i o n  until the light was focuse d onto the cry stal 
surface. The crystal e l e c t r o d e  was not p o l i s h e d  so that
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the c o n d i t i o n  r ^ r 2 << 1 was satis fied.
The s p e c t r u m  (spectra are d i s p l a y e d  on a log scale)
of the p h o t o - t u b e  current is p i c t u r e d  in Figure 4-3b.
As the cr ys tal vo lt ag e was var ied, the first m a x i m u m  
and m i n i m u m  of the am plitude  of the fun damental f r e q u e n c y  
component could be observed. Also  observe d was the a l t e r ­
nate " e x t i n c t i o n "  of all the even and odd harmonic f r e ­
quency c o m p o n e n t s  as thermal e x p a n s i o n  of the crystal 
changed its a v e r a g e  thickness.
R e f e r r i n g  to Fig ure 4-3b and to the d i scu ss ion on
page 102 , the ratio of the a m p l i t u d e  of the first and third
O
freque ncy  c o m p o n e n t s  is 3.13, so that 2kA=2.28 and A = 1 1 5 0  A. 
The m a x i m u m  v i b r a t i o n  amplitude A can also be obt ained by 
making a s i m i l a r  c al cu lation  for the 2nc  ^ and 4 fc^  f r e q u e n c y  
components. This provides a c heck on the absolute m e a s u r e ­
ment of A.
In a d d i t i o n  to the five h a r m o n i c a l l y  related fre q u e n c y 
components, Figur e 4-3b also shows other spectral compon ents.  
It was o b s e r v e d  that the f r e que nc y of these spurious c o m ­
ponents s l o w l y  v a r i e d  througho ut the experiment, and for 
this reason, they are believed  to be due to thermal m o t i o n  
of the laser cavity mirrors.
Un der  the si m p l i f y i n g  c o n d i t i o n s  considered in this 
section, the p e r f o r m a n c e  of the laser feedba ck and m o d i f i e d
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Lens, X20 o b jecti ve
He-Ne Laser
P i e z o e l e c t r i c  crystal
PMT
analyze r
Spe ct rum
a) Pr a c t i c a l  a r r a n g e m e n t  for i n v e s t i g a t i n g  the crystal 
v i b r a t i o n s  wit h  a laser fee dback i n t e r f e r o m e t e r
b) R e sultant  s p e c t r u m  of the laser output
Fi g u r e  4-3 I n v e s t i g a t i n g  the v i br ations  of a p i e z o e l e c t r i c  
crystal w ith the laser f e e d b a c k  i n t e r f e r o m e t e r
Ill
M i c h e l s o n  i n t e r f e r o m e t e r s  appear s to be the same. However, 
from a p r a c t i c a l  point of view, the laser f e e d b a c k  i n t e r ­
f e rome te r is c o n s i d e r a b l y  simpler to align; and, des p i t e  
the fact that, in this form, the system exhi bits a low 
s i g n a l - t o - n o i s e  ratio b e c a u s e  of the req ui re ment that
r f r 2 << 1 > it is es tim ate d that absolu te  d i s p l a c e m e n t
0
a m p l i t u d e s  of 30 A can be m e a s u r e d  with r e l ative ease.
" H o l o g r a p h i c  I n t e r f e r o m e t e r "
The i n t e r f e r o m e t r i c  p r o p e r t i e s  of h o l o g r a p h y  are, 
by now, we ll known. A l t h o u g h  there are other tech nique s 
such as the "r eal -time " and " d o u b l e - e x p o s u r e "  method s, 
only the " t i m e - a v e r a g e d "  h o l o g r a p h i c  inte r f e r o m e t r i c  
te c h n i q u e  is discu ss ed here, and the system will be 
r efe rred to as the " h o l o g r a p h i c  i n t e r f er ometer ."
U n l i k e  the previ o u s l y  di s c u s s e d  inte rfero me ters, 
the " h o l o g r a p h i c  inte r f e r o m e t e r "  is able to s i m u l t a n e o u s l y  
record the v i b r a t i o n  a m p l i t u d e  of every point of a v i b r a t ­
ing object. In order to d e m o n s t r a t e  this im portant feature 
of the " h o l o g r a p h i c  i n t e r f e r o m e t e r " ,  Figure 4-4a shows the 
r e c o n s t r u c t e d  image of a 1 - 1 / 2 " dia. p i e z o e l e c t r i c  crystal 
w hich is v i b r a t i n g  in air at 328 KHz. Under the conditi ons
used du r i n g  the rec or ding of this h o l ogram  (to be desc ribed
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l a t e r ) , Za mb ut o and Lu rie have shown that the r a d ia nc e of 
a point m_' in the r e c o n s t r u c t e d  image c o r r e s p o n d i n g  to the 
object point in of a s i n u s o i d a l l y  vibr at ing ob ject is
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&  m , - J„(2kA) (4-9)
w h e r e  J 0 (2kA) is the zeroeth order Bessel function of
argument (2kA) and A is the peak v i b r a t i o n  am pli tude of
point m. Hence, by m e a s u r i n g  the i rr ad iance at each point
in the r e c o n s t r u c t e d  image, it is p o s s i b l e  to c a lcula te
the peak vi b r a t i o n  a m pl it ude from the known var i a t i o n  of 
2
J Q (see Fi gur e 3-7).
The result of such a c o m p u t a t i o n  at each point of
the transducer su rface  is ill us t r a t e d  in Fig ure 4-4b.
The vi b r a t i o n  nodes and antino des of the crystal surface
are due to the finite diameter of the crystal. (A mo r e
detailed d i s c u s s i o n  of the va ri ous modes of vibr ation
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of barium t i t an ate disks is given by Shaw.
Using e q u ation (4-9) and the f a m iliar  Rayleig h 
criterion, it can be shown that the s e n s i tiv it y of the
O
"h o l o g r a p h i c  inte r f e r o m e t e r "  is a p p r o x i m a t e l y  330 A
O
(X = 6328 A). A l t h o u g h  this s e n s i t i v i t y  is adequate for 
man y  applic ations, it does not co mp are w it h that of the 
p r evio us ly de s c r i b e d  inte rfe romet ers. However, by a p p r o ­
priately  shift i n g  the fr equency  of the refer ence wav e  used 
to record the h o l o g r a m  (see note 3), it is p ot en tially 
po s sib le  to obt a i n  a s ens it ivity a p p r o a c h i n g  that of the 
M i c h e l s o n  int er ferome te r. This h o l o g r a p h i c  techni que is
Note 3. This w o r k  is prese ntly b ei ng prepared  for 
p u b l i c a t i o n .
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a) R e c o n s t r u c t e d  image of a p i e z o e l e c t r i c  cry stal 
v i b r a t i n g  in air at 328 KHz
o
V i b r a t i o n  amplitude, A
1500
0 crystal radius
b) V i b r a t i o n  a m plitu de  p r o f i l e  of the above crystal
Fi g u r e  4-4 Inves t i g a t i n g  the vibrations of a pi ezo e l e c t r i c  
crystal w ith the ho lograp hi c in t e r f e r o m e t e r
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very si mi l a r  to that used in Ch ap t e r  III to v i s u a l i z e  sound 
waves. Indeed, the only d i f f e r e n c e  is the m e t h o d  by which
the object  w a v e  is phase m o du la ted.
F i g u r e  4-5a shows the g e o me tr y of the re c o r d i n g  process
of the " s h if ted refere nce h o l o g r a p h i c  inte rferom et er". It 
is the f a m ilia r arrangem en t of plane wave, s p l i t - b e a m  
h o l o g r a p h y  in wh ich the film e m u ls ion records the stati onary 
i n t e r f e r e n c e  pat tern formed by the i n t e r ferenc e of a phase 
m o d u l a t e d  object wave and a hi ghly coherent r e f e r e n c e  wave. 
The m o d i f i c a t i o n  to the us ual h ologr ap hic te c h n i q u e  consists 
in shi ft i n g  the frequency  of the reference w a v e  by an 
integral m u l t i p l e  of the fr e q u e n c y  of the v i b r a t i n g  object. 
Note that the ar ran gemen t is simila r to that shown in 
Fi g u r e  3-2 except that in this case the object wave  is phase 
m o d u l a t e d  by varyin g its g e o m e t r i c a l  path length, w h i l e  in 
Ch ap te r III, the phase is m o d u l a t e d  by vary i n g  the r e f r a c ­
tive index of the medium t r a versed  by the object wave.
The me t h o d  used to d e t e r m i n e  the radia nce in the 
r e c o n s t r u c t e d  image is i d entica l to that used in Ch apter 
III (based on coherence theory). It is as sumed  that during 
the r e c o r d i n g  process the r e f e r e n c e  radia tion at the film 
plate is plane and m o n o c h r o m a t i c  and that the object wave 
uni f o r m l y  ill um inate s the film plate. It is further 
assumed that the h o l og ram is r e c o nst ru cted w i t h  a pl ane 
m o n o c h r o m a t i c  wave. U nder these conditions, e q u at io ns
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Object, v i b r a t i n g  
at f r e q u e n c y  m
Plane, m o n o c h r o m a t i c  
i l l u m i n a t i n g  source 
of f r e q u e n c y  03mO
mP
Plane, m o n o c h r o m a t i c  
re f e r e n c e  sou rc e of 
f r e qu en cy 03 + nfi,RP
F i l m  pl ate
a) G e o m e t r y  of the reco rding pr ocess of the "s hif ted 
r e f e r e n c e  hologr a p h i c  i n t e r f e r o m e t e r "
m
b) G e o m e t r y  for de t e r m i n i n g  the phase shift due to the 
m o t i o n  of point m
Figure 4-5 A r r a n gement of the "shifted ref e r e n c e  hologra ph ic  
i n terf er ometer"  and ge omet ry  for d e t e r m i n i n g  g ^
116
(3-1) and (3-2) apply so that the p r o b l e m  of c a l c u l a t i n g  
the radia nc e in the r e c o n s t r u c t e d  image reduces to one of
de t e r m i n i n g  the m o d i f i e d  c o m p l e x  de g r e e  of coh e r e n c e  gmR
at an a r b i t r a r y  point P in the h o l o g r a m  plane.
R e f e r r i n g  to Fi gur e 4-5a, let m be a point on the
object and P a point on the film plate. The phases of
the two i n t e r f e r i n g  waves at point P can be de s c r i b e s  as
4>r = (u) + nft)t - (u) + n ^ ) s R p/c (4 - 1 0 )
n = 0 ,+1 > ,. . .
^m = wt ~ ks m 0 (t) " ksm p(t) “ C 1 (4-11)
where
<j>R = phase at point P of the rad i a t i o n  coming from the 
re f e r e n c e  source R
<j>m = p hase at point P of the r a d i a t i o n  coming from the 
obj ect point m
0) = radial f r e qu ency of the il l u m i n a t i n g  source
c = speed of light in v a c u u m
k = 03/c
^ = radi al  f r e quenc y of the v i b r a t i n g  object 
n = an integer, 0, +1, +2, +3, ...
(w+nft) = fr e q u e n c y  of the re f e r e n c e  radi at ion
t = time
s r P = opti ca l path length b e t w e e n  the re fer enc e source 
and the point P
smo(t) = opti c a l  path length b e t w e e n  the ill uminat in g 
s our ce and the object point m
smp(t) = op ti c a l  path length b e t w e e n  points m and P
Cp = the co nst ant phase shift b e t w e e n  the re f e r e n c e
and i l l u m inating  sources
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R e f e r r i n g  to F i g u r e  4-5b, the total pa th length b e t w e e n  
the i l l u m i n a t i n g  sou rce 0 and the point P is
sm 0 ^ t  ^ + smP ( )  = sm0 + smP “ (Cos y + Cos 3) £(t) (4-12)
sm 0 = m e a n  op tica l path leng th  b e t w e e n  the object 
point m and the i l l u m i n a t i n g  source 0
smP = m e a n  op ti ca l path le g n t h  b e t w e e n  the object 
point m and point P
Y = angle of i n c id en ce of the light at point m
3 = angle of the light r e f l e c t e d  from point m
4 (t) = i n s t a n t a n e o u s  d i s p l a c e m e n t  amp l i t u d e  of the
S u b s t i t u t i n g  eq u a t i o n s  (4-10), (4-11), and (4-12) into
the ex pr e s s i o n  for the comp l e x  de g r e e  of c o heren ce  gm R 
(see eq uat ion (3-2)), it fo llo ws that
T = e x p o s u r e  time of the p h o t o g r a p h i c  e m u ls ion 
Com p a r i n g  now equ a t i o n s  (4-13) and (3-6), it is noted that 
their form is similar. Hence, whe n  T >> 1 / , the radi-
a n c e 5l m ' at point m' in the r e c o n s t r u c t e d  image c o r r e s p o n d ­
ing to the object point m can be ex p r e s s e d  d i r e c t l y
w h e r e
v i b r a t i n g  point m
CosB)C(t)J|nfit-k(co sy+ (4-13)
0
wh e r e
r0 = k ( sm0 + sm p - s r p )  - nfisR p/c + Cp
(4-14)
where
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2 7T
J "  exp |i £ k ( C o s y  + Co s3) C(t ) - nfltj^dt
Therefore, if the mo t i o n  of the point m is sin us oi dal, i.e 
£(t) = A Sinftt, and y=3=0, th'An
Q m , « J 2 (2kA) n = 0 , + l , + 2 , ... (4-15)
^ v m n —
t tl
w her e J (2kA) is the n or der  Be ss el functio n of ar gu ment 
n
(2kA), and A is the peak v i b r a t i o n  a m p li tu de of point m.
This result is s i g n i f i c a n t  b e c a u s e  by s h i f t i n g  the
t*
op tical r e f e r e n c e  f r equency  by the n ha rm o n i c  of the fre-
t* Vi
quency of the v i b r a t i n g  object, only the n F o u r i e r  c o ­
effic ien t of the phase of the obje ct wave is used to 
modify  the r a d i a n c e  of the r e c o n s t r u c t e d  image. Note that, 
whe n the r e f e r e n c e  freq ue ncy is not shifted (n=0 ) , equat i o n  
(4-14) red u c e s  to equation (4-9). It was under this 
condition, wit h  the a r r a n g e m e n t  shown in Fi g u r e  4-5a (n=0 , 
y = 3 = 0 )» that the h o l o g r a m  w h i c h  y i e l d e d  the image shown 
in Fi gure 4-4a was recorded. As was men t i o n e d  on page 112, 
the s e n s i t i v i t y  of the h o l o g r a p h i c  i n t e r f e r o m e t e r  for this
o °
case (n= 0, Y = 3 = 0, A = 6328 A) is 330 A.
However, wh en the r e f e r e n c e  f r e q u e n c y  is sh ifte d by
one order (n=+l) , the r ad ianc e J} m ' is p r o p o r t i o n a l  to 
2
J-^(2kA), so that the ratio of the r a d iance of v i b r a t i n g  
and s t a t i o n a r y  object points is t h e o r e t i c a l l y  infinite. 
Hence, the s e n s i t i v i t y  of the m o d i f i e d  h o l o g r a p h i c  inter-
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fe rom eter is s i g n i f i c a n t l y  imp roved (see note 4) and is only 
limited by op ti c a l  nois e and fog in the p h o t o g r a p h i c  process. 
Indeed, when c o n s i d e r i n g  the fact that the time e x p o s u r e  of 
the ph ot o g r a p h i c  em ulsi on  will tend to " a v e ra ge-out"  some 
of the optical noise, it is e x p e c t e d  that the s e n s i t i v i t y  
of this i n t e r f e r o m e t e r  will a p p r o a c h  that of the M i c h e l s o n  
i n t e r f e r o m e t e r  (see equati on (4-4)).
In order to c a li br ate the " h o l o g r a p h i c  i n t e r f e r o ­
meter", the v i b r a t i o n  amplit ud e of at least one point of 
the v i b rati ng  object must be large enou gh  so that (2kA) 
can be c a l c u l a t e d  from a known m a x i m u m  or m i n i m u m  of 
J n (2kA). If this is not possible, the instrument can be 
calib rat ed by r e cord in g two h o l o g r a m s  w i t h  ref erence 
f re quencie s w h i c h  differ by one order, and m e a s u r i n g  the 
ratio of i r r a d i a n c e  at c o r r e s p o n d i n g  r e c o n s t r u c t e d  image 
p o i n t s .
A direct d e m o n s t r a t i o n  of the ab il i t y  of the "sh if t e d  
ref er en ce h o l o g r a p h i c  in te r f e r o m e t e r "  to in v e s t i g a t e  the 
d i s p la ce ment a m p l i t u d e s  of v i b r a t i n g  objects is dif f i c u l t  
since at high v i b r a t i o n a l  f r e q u e n c i e s  (greater than 2 MHz), 
the aco us ti cal power required to v i b r a t e  an object by mo r e
Note 4. The s e n s i t i v i t y  of the m o d i f i e d  h o l o g r a p h i c  i n t e r ­
fe r o m e t e r  can be impr oved (until the noise level is 
reached) by using a m o r e  intense source of light. 
This, however, is not p o s s i b l e  when n = 0.
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than 50 A is high. A l t h o u g h  the i n t e r f e r o m e t e r  is e x p e c t e d  
to re adi ly detect such motion, the m e a s u r e m e n t  also place s 
a se ver e r e q u i r e m e n t  on the m e c h a n i c a l  sy s t e m  stability.
On the other hand, at low v i b r a t i o n a l  f re quencie s (less 
than 1 MHz), it is diffi cu lt to e f f i c i e n t l y  translate 
the optical f r e q u e n c y  of the r e f e r e n c e  wave. This d i f f i ­
culty is due to the ne c e s s a r y  f i l t e r i n g  w h i c h  follows the 
op ti ca l h e t e r o d y n e  process.
N e v e rt he less, it should be r e c o g n i z e d  that the two 
h ol og r a p h i c  t e c h n i q u e s  of vi s u a l i z i n g  sound waves (see 
Ch ap te r III) and of d e t ectin g v i b r a t i o n a l  displ aceme nt  
amp li tu des are the same; only the m a n n e r  of phase m o d u ­
lating the object wa v e  is different. Hence, the e x p e r i ­
m e n t a l  results of C h a p t e r  III i n d i r e c t l y  de m o n s t r a t e  the 
s uc cess of o b t a i n i n g  a radiance d i s t r i b u t i o n  in a c c o r d ­
ance with e q u a t i o n  (4-15) by a p p r o p r i a t e l y  trans lating 
the frequency of the optical r e f e r e n c e  wave.
The rela ti ve  ease of adj usting the optical pa ra m e t e r s 
of the "shifted r e f e r e n c e  h o l o g r a p h i c  inte r f e r o m e t e r "  as 
well as its hig h s e n s i t i v i t y  and its a b i l i t y  to detect the 
d i s p l acem en t a m p l i t u d e  of every p oi nt  of a vibrating, 
d i f f u s e l y  r e f l e c t i n g  object would seem to make this de v i c e  
s u i t a b l e  for d e t e c t i n g  motion induced by acoustic waves. 
Such an u l t r a s o n i c  d e t ector  and its use in an a c oustic al  
i ma ging system are d e sc ri bed in the next chapter.
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Chapter V
FOUR-STEP A C O U S T I C A L  HO LO G R A P H Y  W I T H  THE OPTICAL 
" H O L O G R A P H I C  IN TE R F E R O M E T E R "
In Chapter III several methods w e r e  d e sc ribed w h i c h  
can be used to show a s i d e - v i e w  pi ct u r e  of a sound wave 
p r o p a g a t i n g  in an o p t i c a l l y  transparent med ium. More 
specifical ly, these dete ct ors displa y the dis tri bu tion  
of a quantity re lated to the R a m a n - N a t h  p a r am eter in a 
pl a n e  parallel to the dir e c t i o n  of sound propagation.
On the other hand, the detectors d i s c u s s e d  in Cha p t e r  
II are able to show the acoustic i n t e n s i t y  di s t r i b u t i o n  
in a plane nearly n o r m a l  to the d i r e c t i o n  of p ropagat io n 
of the sound wave.
In this chap t e r  the techniques used in Chapters II- 
IV are utilized in a new acoust ical h o l o g r a p h i c  imaging 
system. The p r o p o s e d  method, which can be referred to as 
fou r - s t e p  a c o u s t i c a l  holography, c o n si sts of the followin g 
pr o c e s s e s
1. The g e n e r a t i o n  of an a c o u s t i c a l  hologram  
and its transfer from one m e d i u m  (water) 
to an ot h e r  (air)
2. The o p t i c a l  recordin g of the acoustica l 
hologram. In the proposed system, the 
resultant, converte d a c o u s t i c a l  hologram  
is o b t a i n e d  in two steps by using the 
h o l o g r a p h i c  inte rf e r o m e t e r  dis c u s s e d  in 
Chapter IV.
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3. The r e c o n s t r u c t i o n  of the c o n v e r t e d  acous tical 
hol ogram
G e n e r a t i o n  and T r a n s f e r e n c e  of the A c o u s t i c a l  H o l ogram
C o n si der the c o n v e n t i o n a l  techni ques of constru cting 
an a c o u s t i c a l  h o l o g r a m  as shown in Fi g u r e  5-1. An a c o u s t i ­
cal "re fe rence" w av e is mad e  to inter fe re w it h an "object" 
w a v e  at a given pl ane  S-^  in the water medium. The r e s u l t ­
ing acou s t i c a l  i n t e r f e r e n c e  pattern at Sj c on stitute s the 
a c o u s t i c a l  h o l o g r a m . For the purpose of e v e n t u a l l y  r e c o n ­
s t r u c t i n g  the original  obje ct wave in v i s i b l e  form, it is 
d es i r e d  to obtain an opti c a l  record of the in te rferenc e 
pattern. This op ti ca l record of the a c o u s t i c a l  hologr am 
c o n s t i t u t e s  the c o n v e r t e d  acoustica l h o l o g r a m .
In order to a c c o m p l i s h  this, recall fr om the d i s ­
c us s i o n  in Chapter I that such an a c o u s t i c a l  dif fr action  
p a t t e r n  can be c h a r a c t e r i z e d  by its u n i q u e  dis t r i b u t i o n  
of v i b r a t i o n  amp litudes. Hence, it is c o n c e i v a b l e  that 
any of the in struments di s c u s s e d  in C h a p t e r  IV can be 
used to record this d i s t ribu ti on, p r o v i d e d  it is first 
tr a n s f e r r e d  from p la ne S^ in the water m e d i u m  to a surface 
S 2 situa te d in air.
This t r a n s fere nc e can be achieved by coupling, and 
a de vic e which perfo rm s this task can be called a "coupler". 
The pr imary function of the coupler shown in Fi gure 5-1 
is, therefore, to pr od u c e  on surface S 2 a v i b r a t i o n
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ical refere nce  wa ve
Water
Air
Co up le r
A c o u s t i c a l  
wave of f r e que nc y
object 
Fi gu re  5-1 Step 1 - F o r m i n g  the a cou st ical h o l o g r a m  on 
su rfa ce S2 (bounded by air)
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amp l i t u d e  d i s t r i b u t i o n  w h o s e  form is similar to the d i s ­
t r i bution on S-^ .
O t her d e s i r a b l e  f u nctions  of the coupler as we ll as 
some possi ble, pr a c t i c a l  devi c e s  are di s c u s s e d  on page 132. 
Fr o m  that d i s c u s s i o n  it wil l  b e c o m e  evident that this 
t r a n s f e r e n c e  is a critical part of the ove rall imaging 
system and that, in practice, the coupler la rgely de ter m i n e s  
the sys tem's per formance.
R e c o r d i n g  the A c o u s t i c a l  H o l o g r a m
The p u r p o s e  of rec o r d i n g  the acou s t i c a l  h o l o g r a m  is 
to obtain  a p r o p e r l y  scaled op ti cal r e p r e s e n t a t i o n  of the 
v i b r a t i o n  a m p l i t u d e  d i s t r i b u t i o n  of S 2 - This opti c a l  record, 
referred to as the conve rt ed a c o u s t i c a l  h o l o g r a m , may then 
be used in the r e c o n s t r u c t i o n  proc e s s  d e s cr ib ed on page  127.
Any of the i n t e r f e r o m e t e r s  d i sc us sed in C h a p t e r  IV 
may be used to record  the a c o u s t i c a l  hologram. Of these 
instruments, the ability of the op tical  "ho l o g r a p h i c  
i n t e r f e r o m e t e r "  to s i m u l t a n e o u s l y  detect the v i b r a t i o n  
a m plit ud e of each and every point on the su rf ace S 2 makes 
this de v i c e  most attractive; especia ll y, since its use 
elim in ates the need for s c a n n i n g  8 2 -
U s i n g  the " h o l o g r a p h i c  int erfe ro meter",  the r e c o r d ­
ing of the a c o u s t i c a l  h o l o g r a m  can be impl em e n t e d  in two 
steps
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1. O b t a i n  an optical h o l o g r a m  of surface S£
2. Us e this opt.ical h o l o g r a m  to r eco ns truct 
and p h o t o g r a p h  the m o d i f i e d  image of S 2
Figure 5-2a shows the a r r a n ge ment for con s t r u c t i n g  
the optical h o l o g r a m  of S 2 - As shown, the vibr at ing 
surface S 2 is the "object" of the " s h ifted re ference op ti cal  
h o l o g r a p h i c  i n t e r f e r o m e t e r "  and the f r eq uency of the optical 
referenc e w a v e  is shifte d by one order (n=l) so that the 
se n s i ti vity of the pr ocess  is maxi mized .
The r e c o n s t r u c t i o n  process of the op ti ca l h o l o g r a m  is 
shown in Fig ur e 5-2b. R e calli ng  the d i s c u s s i o n  in Ch ap t e r  
IV, the v i r t u a l  (or real) image ob tain ed  in this pr oc es s is 
an optical r e p r e s e n t a t i o n  of the v i b r a t i o n  amplitude d i s ­
tribution of the su rfa ce S 2 and the record (photograph) of 
this vi rt u a l  image repr esents  the c o n vert ed  acou st ical 
h o l o g r a m  of the object in the w a t e r  medium. This latter 
recording (p h o t o g r a p h i n g  the vi rt u a l  image) in ci d e n t a l l y  
affords an o p p o r t u n i t y  to scale the d i m e n s i o n s  of the 
converted a c o u s t i c a l  h o l og ram (see C h a p t e r  I).
In the d e s c r i p t i o n  of these two steps it has been 
assumed that the v i b r a t i o n  a m plit ud e of points on S 2 is 
s u f f i c i e n t l y  large to be detect ed by the int erfer om eter.
This important r e q u i r e m e n t  is dis c u s s e d  in greater detail  
on page 130.
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I l l u m i n a t i n g  source 
of f r equ en cy  U)
V i b r a t i o n  amp l i t u d e 
d i s t r i b u t i o n  (of 
fr e q u e n c y  fi)
F il m plate
Co up le r
R e f er ence source 
of freq uency 0) + nfi
F i g u r e  5-2a Step 2 - R e c o r d i n g  an optical h o l o g r a m  of the 
surface w i t h  a shifted r e f e r e n c e  frequenc y
Final t r a n s p a r e n c y
(converted acousti c 
hologram)
Op ti c a l  h o l o g r a m
2 '
i
C amera
R e c o n s t r u c t i n g  wav e
Fi g u r e  5-2b Step 3 - P h o t o g r a p h i n g  the r e c o n s t r u c t e d  image 
of the opti c a l  h o l og ra m to ob tain the converted 
ac ou s t i c a l  h o l o g r a m
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R e c o n s t r u c t i n g  the Con v e r t e d  A c o u s t i c a l  H o l o g r a m
The final process is the cons t r u c t i o n  of an optica l 
wave b e a r i n g  similar i n f o r m a t i o n  about the object in the 
w at er  m e d i u m  as does the a c o u s t i c a l  object wave. As shown 
in Fi g u r e  5-3, this can be ac c o m p l i s h e d  by tre ating the 
con ve rt ed a coustic al  h o l o g r a m  (photograph) o b t ai ned in 
the pre vious step as a no rma l optical h o l o g r a m  and i l l u m i n a t ­
ing it wi t h  visible, cohere nt radiation  ha ving a radius of 
cu r v a t u r e  w h i c h  is p r o p e r l y  scaled with respec t to that of 
the o r i gina l aco ustical r e f e r e n c e  wave.
The use of an op tic al  " r e c o n s t r u c t i n g "  wave is, of 
course, ne c e s s a r y  if a v i s i b l e  image of the object in the 
w ate r m e d i u m  is to be obtained. U n f o rtuna te ly, the small 
w a v e l e n g t h  of this rad i a t i o n  as compared to the w a v e l e n g t h  
of the a c o u s t i c a l  rec or di ng wa ves introduces a nu mb er of 
image d i s t o r t i o n s  which, as discuss ed  in C h a p t e r  I, can be 
m i n i m i z e d  to some extent by p r o perly scaling the dimens ions 
of the a cousti ca l hologram.
As a result of this w a v e l e n g t h  scaling, the result ant 
image of the original object is usually reduced in size 
and, as shown in the figure, may require the use of a 
m i c r o s c o p e  to view it properly.
The four steps of the propose d a cous ti cal holo gr aphic 
imagi ng sy s t e m  may now be sum ma ri zed as follows
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Converted a c o u s t i c a l  holog r a m  
(photograph obtai n e d  with the 
camera in step # 3)
Coherent, op tic al  
re c o n s t r u c t i n g  wave
M i c r o s c o p e
Observer
Image of the original 
object in the water 
me d i u m
Figure 5-3 Step 4 - R e c o n s t r u c t i n g  the co nverted acoustical 
h o l o g r a m  with v i s i b l e  radiation
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1. G e n e r a t i n g  the a c o u s t i c a l  h o l o g r a m  (vibratio n 
p a t t e r n  of s u i table  amplitude) on a su rfac e 
b o u n d e d  by air (Figure 5-1)
2. C o n s t r u c t i n g  an op tical ho lo gr am of this surface 
wi t h  the mo di fied op ti c a l  h o l o g r a p h i c  te chnique 
(Figure 5-2a)
3. P h o t o g r a p h i n g  the r e c o n s t r u c t e d  image of the 
o p t i c a l  h o l ogram  o b t a i n e d  in step #2 (Figure 
5-2b) —  the r e s u l t a n t  optical t r a n s p a r e n c y  
is the converted (and scaled) a c o u s t i c a l  
h o l o g r a m
4. R e c o n s t r u c t i n g  the conv er ted acous t i c a l  
h o l o g r a m  (Figure 5-3)
The de vices  w hi ch  can a c c o m p l i s h  this, their c h a r a c t e r ­
istics, and the resultant c h a r a c t e r i s t i c s  of the ov er all 
imaging s y s t e m  wil l  now be d i s c u s s e d  in greater detail.
The Op tical  "H ol ographi c A c o u s t i c  Image Conv erter "
The p r o p o s e d  four-step a c o u s t i c a l  h o l o g r a p h i c  imaging  
system just d e scribed  is mad e  p o s s i b l e  by the use of the 
"shifted r e f e r e n c e  optical h o l o g r a p h i c  i n t e r f e r o m e t e r "  (see 
Figure 5-2) wit h an ap p r o p r i a t e  co upler (see Fig u r e  5-1). 
Together, these two devices form a subsys te m of the overall 
imaging pr oc e s s  and will be r e f e r r e d  to as the (optical) 
"h o l o gr aphic ac oustic image c o n v e r t e r . "  This n o m e n c l a t u r e  
is a p p r o p r i a t e  since the co upler  transfers an a c o u s t i c a l  
image ( d i f f r a c t i o n  pattern, s hadowgr am , or fo cus ed image) 
from the w a t e r  m e d i u m  to a s u r f a c e  bounded by air and the 
in t e r f e r o m e t e r  converts this a c o u s t i c a l  image to an optical  
i m a g e .
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"S hi ft ed r e f er ence h o l o g r a p h i c  I n t e r f e r o m e t e r " . An 
important p a r a m e t e r  of this device  which  has alre a d y  been 
analyzed in Cha p t e r  IV, is its sensitivity.
Recall that when the op ti cal re fer ence f r e q u e n c y  is 
shifted by one order, as shown in Figure  5-2, the radiance 
5^ m ' at a point m' in the r e c o n s t r u c t e d  image c o r r e s p o n d i n g  
to a ge ner al point m on the surfa ce S 2 is
where
J 2 (2kAm ) = first order Bessel funct i o n  of argument 2kAm 
k = 2TT /A
A = w a v e l e n g t h  of the i l l u minatin g source  
A m = peak v i bration  amp l i t u d e  of point m
Al t hou gh  the ratio of the r a d i a n c e  of v i b rat in g points to 
stationary po ints on S£ is infinite, that is, [Ji( 2 k A m )/ 
Jl(0) ] 2 = 00, op tical  noise and p h o t o graphi c fog will 
u l tima te ly limit the m i n i m u m  v i b r a t i o n  a m p li tu de that can 
be detected by this instrument. Since this v al ue depends 
on a number  of exper im ental factors, it is as sum ed  that a 
re aso nable value for the s e n s i t i v i t y  of the "h o l o g r a p h i c
i n terf er ometer"  is 30 A.
In order to a p pr eciate  the amount of aco us tic power
required to obt ai n a v i b r a t i o n  amp l i t u d e  of 30 A, con sider 
the "ideal" case shown in Fi g u r e  5-4. A plane sound wa ve
“ J i < 2kV (5-1)
o
o
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S 1 S 2
Incident w av e A.
Air , Z
Water, Z
Tr a n s m i t t e d  wa ve A
R ef l e c t e d  w a v e  A
Coup l e r  (infi nitely thin mem brane)
t , = A / A . d o' i
A^ = peak vi b r a t i o n  am p l i t u d e  of the incide nt 
sound wave
1 ^ = sound int ensity  of the incident wave
A = pe ak v i b r a t i o n  a m plitude  of the r e f le cted 
r sound wave
I = sound int en sity of the reflecte d wave
A q = peak v i bratio n a m p l i t u d e  of the tr ansm i t t e d  
wave
I = sound int ensi ty  of the tr ans mit ted wave
Zw = c h a r a c t e r i s t i c  aco us t i c  im pedance of the 
w a t e r  medium, 1.5 x 1 0 ^ kgm/m ^sec
Z = c h a r a c t e r i s t i c  a c o u s t i c  impedance of air, 
420 kgm/m ^sec
Figure 5-4 P e r f o r m a n c e  of an i n f i n i t e l y  thin m e m b r a n e  
used as a coupler
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pr o p a g a t i n g  in a w a t e r  m e d i u m  is n o r m a l l y  inciden t on an 
infi ni tely thin and supple m e m b r a n e  w h i c h  couples the 
water me d i u m  to air. Due to ne a r l y  100% r e f l e c t i o n  at 
the interface, the peak v i b r a t i o n  a m p l i t u d e  A m of a 
point on this m e m b r a n e  is
1
A m = A 0 S  2 A ± = 2/7r f (I./2ZW) 2 (5-2)
w h e r e  f is the f r e qu en cy of the sound wa ve and w h e r e  the 
re maining p a r a m e t e r s  are de fined in Fi gure 5-4. This 
relation can be used to d e t e r m i n e  the m i n i m u m  sound 
inten sit y (Ii)m in (threshold intens ity) in water that 
can be d e t e c t e d  by the in t e r f e r o m e t e r  with this coupler.
6.7 mw / c m ^  @ f=l MHz 
670 m w / c m 2 @ f=10 MHz
The above ex am pl e e s s e n t i a l l y  d e m o n s t r a t e s  that, for 
those fre qu e n c i e s  (1-10 MHz) c o m m o n l y  used for a c o us tic  
imaging, some me ans should be p r o v i d e d  for i n c r e a s i n g  the 
vi b r a t i o n  amplitude. This c o n s i d e r a t i o n  places an a d d i ­
tional re q u i r e m e n t  on the coupler, i.e. it should couple 
the v i b r a t i o n  a m p l i t u d e  d i s t r i b u t i o n  from the w a t e r  to 
air and augmen t it.
Some p r a c t i c a l  c o u p l e r s . The p r e vious d i s c u s s i o n  has 
shown that the p r i m a r y  func ti on of the coupler is to couple 
an arbit ra ry a c o ust ic  image from a su rf ac e S-^  bo un d e d  by 
w ater to a su rf a c e  S 2 bounded by air. However, it should 
also
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1 . be able to augment the v i b r a t i o n  a m pl itudes 
w it h o u t  int ro du cing any ad dit ion al d i s t o r t i o n s
2 . be able to resolve all of the i n t e r f e r e n c e  
fringes of the a c o us tic image
3. not be sensitive to the incident angle of the 
sound wave(s)
How well p r a c t i c a l  couplers s i m u l t a n e o u s l y  satisfy these 
require me nts wil l be discussed on page 141.
The d i s c u s s i o n  at this time is concerned p r i m a r i l y  
wi th the first two req uir ement s; that is, coupling and 
au gm en ting the v i b r a t i o n  a m p litu de  distribution. Devices 
w hi ch  can pe rf o r m  these two func ti ons can be c l as si fied 
a s
1. V e l o c i t y  transform ers - "free" resona nt 
v i br ators and aco ustic m a t c h i n g  plates
2. V e l o c i t y  amplifiers - c o n v e r s i o n - a m p l i f i c a t i o n -  
convers ion
Before some of these couplers are described, a 
"figure of merit"  w h i c h  is a p p l i c a b l e  to any co up le r wi ll  
be defined. R e f e r r i n g  to Figure  5-4, imagine the thin 
me mb ra ne to be any coupler w h o s e  surfaces and S 2 are
b ound by w a t e r  and air, respe cti vely. Under the con d i t i o n 
of normal sound incidenc e as sh own in the figure, let 
t = A q /A^ = dis p l a c e m e n t  amp l i t u d e  tra nsmiss io n coefficient. 
If no a m b ig ui ty exists, the m a g n i t u d e  of this (complex) 
coe ff icie nt  shall also be refe rr ed to as the " ad vantage " 
or the "gain" of the coupler.
134
One type of a v e l oc it y tr a n s f o r m e r  is a st r u c t u r e  
v ib r a t i n g  in such a manner that it has a pair of str ain- 
free surfaces. Such "free" r e s o n a n c e  is p o s sible  when, 
among other con sider at ions, the lateral d imensi on s of the 
st ructure are small (less than A/4) compared to the w a v e ­
length A of sound in the mater ial. If, in addit ion, the 
two surface s have un equal areas, v e l o c i t y  a m p l i f i c a t i o n  
is p o s sible  by virtue of the law of c o n s e r v a t i o n  of 
m o m e n t u m .
As an exa mple of such a m e c h a n i c a l  transformer, 
consider the familia r "stepped horn" which is d i a gr am - 
ma t i c a l l y  shown in Figure 5-5a. This system is in "free" 
resonance whe n  the length of each step is A/4, and its 
me c h a n i c a l  a d v a n t a g e  is
MA = u2/uj = D q / D 2
wher e
U 2 = v e l o c i t y  of su rf a c e  2
u^ = v e l o c i t y  of surf a c e  1
D 2 = di ame t e r  of su rf a c e  2
Dj = d i a m e t e r  of surf a c e  1
22
A l t h o u g h  other t ra nsform er  profiles can be used such 
as the e x p o n e n t i a l  horn, " F o ur ier" horn, inverted cone, 
etc., the c o n s t r u c t i o n  of such small, complex dev ices may 
be impractical, e specia ll y since the ratio D ^ / D 2 for these 
latter p r o f i l e s  is higher for a gi ven m e c h a n i c a l  advantage.
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Al u m i n u m
u
A/4 ■<- A/4
Figure 5-5a The "stepped horn" velocity tr ansformer. The 
complete coupler w o u l d  consist of a mosaic of 
such d e v i c e s .
A/4
A/4
S1 S 2
Figure 5-5b The two q u a r t e r - w a v e  mechanical , v e l ocit y 
t rans former
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In addition, the cond it ions for "free" r e s o n a n c e  may be 
dif ficul t to attain at these high frequencies .
One may think of these devices as m e c h a n i c a l  
inpedanc e tr ansformers (m ec hanical  imp edanc e = area x 
sp eci fic acoustic impedance) and as such, they couple 
a d i f f e r e n t i a l  area of the total surface to a c o r r e s ­
po nd in g di f f e r e n t i a l  area of surface S 2 - Hence, the 
complete co upler  must co ns ist of a mosaic of such tr ans ­
formers .
The tra ns mission  c o e f f i c i e n t  t^ de fined on page 133 
has no m e a n i n g  when it is a p p l i e d  to a si n g l e  cell of the 
coupler, but it does w h e n  it is applied to a mosa ic  of 
such transformers. It is shown in A p p e n d i x  I that the 
gain of such a coupler is
gain = |td | = M A | 1 + rd | = (D i /D 2 )|1 + rd | (5-4)
where rd = A r / A d (see F i g u r e  5-4).
A somewhat  di fferent type of impedance trans fo rmer 
(one w h i c h  transforms s p e c i f i c  acoustic imped ances) is a 
sandw i c h  of extended, r e s on ant "matching" plates. This 
type of transformer, p a r t i c u l a r l y  the two q u a r t e r - w a v e  
"matching " sy st em shown in F i g u r e  5-5b is d i s c u s s e d  in 
c o n s i d e r a b l e  detail in C h a p t e r  VI and in A p p e n d i x  I. It 
is shown in the latter that, for this device, the pertinent 
paramet er s are
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It. I = 2 Z. Z 9 Z / (Z Z? + Z z h  and MA  = Z , / Z 0 (5-5)' a  z w a x w ^ x z
w h e r e  Z-^  and Z£ are the c h a r a c t e r i s t i c  a c o u s t i c  impedances
of plates 1 and 2, re spectiv el y. Note that the gain is a
m a x i m u m  w h e n  the i m pe da nce of water is m a t c h e d  to that of
air (see note 1); that is
1
I ^Latched ' <VZa>2 “he“ <VZ2>2 " V Za <5“6)
=* 60
This va lue represents the highest t heore ti cal gain that any 
v e l o c i t y  tra ns former  can ac hieve under these conditions.
(See Ch ap ter VI for values of e x p e r i m e n t a l  gains.)
As a ma tter of intere st, consider the case for which, in
Figure 5-5b, Z^ = Z 2 , ie. w h e n  the sy stem is a single h a l f ­
wave plate. Under this condition, e q u ation  (5-5) reduces to
N 1 = 2Zw /(Za + Zw> “ 2 since Za < < Z w (5" 7)
In other words, as far as the gain is con cerned, the h a l f ­
wav e  re son ant plate is a pra ct ical r e a l i z a t i o n  of the 
infin i t e l y  thin m e m b r a n e  di s c u s s e d  on page 131.
Ve l oci ty  a m p l i f i c a t i o n  can also be ac hieve d by co n ­
v e r t i n g  the aco us tical  v i b r a t i o n  at (see Figure 5-1) to
some other form of energy, am pl i f y i n g  this signal and
Note 1. In order to obtain a total ma tch b e t w e e n  water and 
air, it is p o s s i b l e  to control the acoustic 
impeda nce  of the air me d i u m  by, for example, v a r y ­
ing its static p r e s s u r e  (see Ch ap ter VI).
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r e c o n v e r t i n g  the a m p l i f i e d  signal to an a c oustica l v i b r a ­
tion at S 2 •
A po ssible a r r a n g e m e n t  of such a v e l o c i t y  amplifie r 
is shown in Figure 5-6. Each cell of the mo s a i c  that 
comp rises  the c o m pl ete coupler consists of a small, h a l f ­
wav e thick, p i e z o e l e c t r i c  re cei ving t r a n s d u c e r  which 
c on verts the i n s t a n t a n e o u s  pressu re (averaged over its 
surface) to an e l e c t r i c a l  signal. This v o l t a g e  is then 
added to an a p p r o p r i a t e  ele ct ri cal r e f e r e n c e  voltage which, 
as d i scusse d in C h a p t e r  II, can s i m ul ate a c o r r e s p o n d i n g 
a c o u s t i c a l  r e fe rence wave. Finally, the sum of these two 
v o l tages is a m p li fi ed and r econv er ted by the trans mi tting  
tran s d u c e r  to an a c o u s t i c a l  v i b r a t i o n  at S 2 -
If the rec e i v i n g  and t r a n s mit ti ng transdu ce rs of 
each cell are the same and if the v o l t a g e  gain of each 
summer is unity, the d i s p l a c e m e n t  a m p l i t u d e  tr ansmiss io n
39
co e f f i c i e n t  t^ for the ov eral l cou pler can be expressed as 
I td J = (Zw /2Za )2 (V2/V-L) ~  41 (V2 /Vi) (5-8)
wh e r e  V2/V 1 is the v o l t a g e  gain of each e l ec trical a m p l i ­
fier.
It will be come appare nt  from the d i s c u s s i o n  of the 
next se ction that the a t t r a c t i v e  features of this couple r 
are its sel ectivity, its abil it y to a m p l i f y  a given v i b r a ­
tion patt e r n  w i t h o u t  sa crif i c i n g  r e s o l u t i o n  and its ab ilit y  
to el e c t r o n i c a l l y  s i m u l a t e  (with r e l a t i v e  ease) an a p p r o p r i a t e
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Re fer ence signal
“Li
Matrix of 
receiving 
transducers
Electrical 
reference signal
M a t r i x  of trans- —  
mi t t i n g  transdu cers
Matrix of tuned 
ampli f iers
Fi gur e 5-6 A m e c h a n i c a l - e l e c t r i c a l - m e c h a n i c a l  v e l o c i t y  
a m p l i f i e r  (coupler) s u i t a b l e  for use with 
the h o l o g r a p h i c  sound image converter
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aco us tica l r e f e r e n c e  wave. In sp ecial cases, a m p l i f i c a t i o n  
can also be co mbined with fre q u e n c y  conversion. A m o n g  the 
ad van tages of this technique can be a r e l a x a t i o n  of the 
required s e n s i t i v i t y  of the op tical system (see also Chapter
Having con si d e r e d  some p o s s i b l e  couplers and their 
ve lo ci ty a m p l i f i c a t i o n  factors, the s ensi ti vity of the 
"ho l o g r a p h i c  sound image con ve rter"  may be determined. 
The sound i n te nsity I^ of a sound w ave p r o p a g a t i n g  in 
w ate r and n o r m a l l y  incident on the coupler su rf ac e S-^  is
w he re  the d e f i n i t i o n  t^ = A 0 /Aj_ has been used. For f =
1 MHz, A 0 = 30 A (the se n s i t i v i t y  of the i n terf er ometer) , 
and coupli ng across the w a t e r / a i r  interf ace (air at ambient 
pressure), the threshold i n tensi ty  (X i ) ^ of the converter
can be e x p ressed  as
As an example, the s e n s i t i v i t i e s  of the "h ol o g r a p h i c  
converter" us ing  the various co uplers  disc us sed in this 
sec tion are as follows
VII) .
l ± = 2Zw (TTf A ± ) 2 = 2Zw (7Tf A 0 / | td | ) 2 (5-9)
O
i ;min 26.6/| t^| mw/cm^ (5-10)
Thr es ho ld intensi ty  
2
wat t s /cm
6.7 x 1 0 " 3 A/2 pl ate or thin m e m b r a n e
C oup ler
1.0 x 10"3 m o s a i c  of stepped horns, D^= . 6 4 5  mm, 
D1/D 2 = 5
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T h resh ol d Intensity Co upler
7.4 x 1 C T 6 m a t c h i n g  plates (total match)
1.6 x 1 0 -11 v e l o c i t y  amplifier, ^ 2/^1 = 1000
C h a r a c t e r i s t i c s  of the "holo gr aphic c o n v e r t e r ." G e n e r ­
ally speaking, the " h o l o g r a p h i c  acoustic image converter" 
combines some of the c h a r a c t e r i s t i c s  of bot h  linear and 
n o n - l i n e a r  ul trasonic de t e c t o r s  discus sed in Ch ap t e r  II 
due to the use of a coupler and the " h o l o graph ic  i n t e r ­
ferometer", respectively. As a result, this device is a 
simple, r elativ el y sensitive, fr equency select ive , n o n ­
scanned image conver ter w h o s e  receiving a p e r t u r e  is not 
limited to any par tic ul ar size (a 1/2 m a p e r t u r e  size 
appears feasible) and w hich is suitable for u nde rw ater  
u s e .
D e p e n d i n g  on the type of coupler used, the conv ersio n 
s e n s i t i v i t i e s  that can be ac hieved  in pr act ice , may range 
from 6 . 7 x 1 0 “ 3 to 1 0 " " ^  w a t t / c m ^  at a fre que nc y of 1 MHz 
(see page 140). However, it must be rem e m b e r e d  that these 
values are given for normal sound incidence (for wh ich  
threshold intensities are us ually reported) and that, as 
de mo n s t r a t e d  in Chapter VI, an angle of 5° of f-a xi s can 
reduce the se nsi tiv ity by one half.
The in te r d e p e n d e n c e  b e t w e e n  the ang ular sensitivity, 
threshold intensity, and r e s o l u t i o n  of the c o n ve rter is 
due e s s e n t i a l l y  to the use of a coupler w h o s e  receiving
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su rface  is a part of a m e c h a n i c a l  resona nt  device.
This i n t e r d e p e n d e n c e  is most re adily  d e t e r m i n e d  e x p e r i ­
m e n t a l l y  and, to the k n o w l e d g e  of this author, it has 
only be en reported q u a n t i t a t i v e l y  for some extended, h a l f ­
w av e  thick, p i e z o e l e c t r i c  transducers.
For example, recall  from the d i s c u s s i o n  of the u l t r a ­
sonic camera in Chapte r II, that the abil i t y  of a h a l f ­
w av e quartz plate to t r a n s f o r m  a given p r e s s u r e  di s t r i b u t i o n  
at its rec eiving  surface to a similar ch arge pa tt e r n  on 
its other surfac e de pends on the inherent image "spre ading" 
w h i c h  res ults from mo de co upli ng  wi thin the crystal. It 
has bee n  dete rmined  e x p e r i m e n t a l l y  that this lateral 
" sprea di ng " is least (appr ox i m a t e l y  equal to the crystal 
thickness) when  the sound wav e  is no rmally  incident, but 
it can do ub le  if the sound w a v e  is a p p r o x i m a t e l y  5° off- 
axis.
Spe aking  qua li tativ el y, one would expect the v a ri at ion 
of the la te ral spr eadin g wi t h  the angle of in c i d e n c e  to 
be re lat ed to the m e c h a n i c a l  Q of the faceplate.  That is, 
a l t h o u g h  the inherent lateral spreading (at nor m a l  i n c i ­
dence) may be lower for a high Q system, its rate of 
i n c re ase w it h the angle of incide nce is e x p ec te d to be 
higher. The net result is that if inci de nce is not strictly 
normal, the res oluti on  of a high Q coupler may be lower 
than that of a low Q coupler. For this reason, the increase
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in s e n s i t i v i t y  that can be obtained with e x t ended  matchi ng
plates of high Q may, in some degree, be at the expense
of resolution. Hence, the " h o l o gr ap hic conv e r t e r "  using
such a co upler  would be sui ta b l e  for im aging a single,
nearly plane, nor mally incident sound wave. (Note that
the Pohlm an  cell d i scu ss ed on page 18 has a similar re-
— 7 2
s t rict io n and that its s e n s i t i v i t y  (3x10 w / c m  ) is com-
—  fi 2parable to that of the h o l o g r a p h i c  converte r (7.4x10 w/cm ) 
using a coupler wh ich m a t c h e s  air to water.
On the other hand, those couplers com p r i s e d  of a 
mo sai c of small, uncoupl ed, reso nant cells do not suffer 
from this lateral image sp r e a d i n g  (although there may be 
mode c o u pli ng  wi thin each cell, the effect of this is to 
d e c rease the threshold intensity). Hence, these couplers 
can d e c r e a s e  the an gul ar s e n s i t i v i t y  wi th o u t  af f e c t i n g  the 
resolution. When de s i g n i n g  such a system, the pr imary 
co nc er n is that the rec e i v i n g  area of each cell be s u f f i ­
ci ently small and that adjacent  cells be s u f f i c i e n t l y  close 
so that all of the a c o usti c in t e r f e r e n c e  fringes can be 
resolved. If the i n t e r fe ri ng sound waves are plane, this 
c o n s i d e r a t i o n  will then d e t e r m i n e  the m a x i m u m  an gle that 
can be subte nded by the two sound waves.
The "h ol ograph ic  a c o ustic  image c o nver te r" who se  
coupl er is a mosaic of "s teppe d horns" having  = 0.645 mm 
and D ^ / D 2 = 5 (see Fig ur e 5-5a) , would have a threshol d
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intensit y of 10 w /cm (see page 140) and w ould a ll ow  two 
plane i n t e r f e r i n g  sound wave s to subtend a m a x i m u m  angle 
of a p p r o x i m a t e l y  20°. In some respects, the p e r f o r m a n c e 
of this c o n verte r can be co mpar ed  to that of the liquid- 
s u r f a c e - l e v i t a t i o n  imaging method described on pages 20-26 
in that bo th are non -scanned,  have similar se nsi t i v i t i e s  
and can be used to pe rf o r m  co nv entiona l (split-beam, off- 
axis) a c o ustic holography. A l t h o u g h  the " h o l o g r a p h i c  co n ­
verter" cannot be used for "real-tim e" imaging, it is a 
frequenc y s e lec ti ve de vi ce and its use is not re st r i c t e d  to 
the water surface. F u r t h er mo re, whereas the op ti ca l system 
of the l e v i t a t i o n  technique responds to the spatial  d e r i ­
vative of the surface l e v i t a t i o n  and thus s u p p r e s s e s  low 
spatial fre quencies, the " h o l og raphic conve rt er" is a true 
int en si ty device. That is, for (2kAm ) < 1, the radiance 
5 l m ' at a point m' in the r e c o ns tructed  image is a p p r o x i ­
mately d i r e c t l y  p r o p o r t i o n a l  to the acoustic in tensity at 
the c o r r e s p o n d i n g  point jn on the coupler surf a c e  S£ (see 
eq ua ti on (5-1)).
The "hol og raphic sound image converter" w hic h uses a 
mosaic of ve ry small v e l o c i t y  amplifiers as shown in 
Figure 5-6 wo uld dis play simila r resolutio n c h a r a c t er is tics  
as the above converter. In addition, a hi g h e r  sensit iv ity 
can be a c h ie ve d as well as the electronic s i m u l a t i o n  of an 
acoustic ref e r e n c e  wave. Re f e r r i n g  to Ch ap ter II, the 
pe r f o r m a n c e  of such a c o nvert er  compares fav o r a b l y  with that
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of any of the e l e c t r o n i c a l l y  sc an ned or o p t i c a l l y  sc ann ed 
de tec tors (see, for example, Figures 2-10 to 2-13). In 
fact, for a given array of r e c e i v i n g  transducers,  the 
" h o l o grap hi c conver ter " has a p o t e n t i a l l y  hi g h e r  r e s o l u t i o n  
capability. This is poss ib le b e c a u s e  the " h o l o g r a p h i c  
converter " is not affected by any decrea se in r e s o l u t i o n  
due to the dis p l a y  system, s c a n n i n g  electr on b e a m  diameter, 
etc .
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Chapter  VI 
TWO Q U A R T E R - W A V E  V E L O C I T Y  T R A N S F O R M E R  
(ACOUSTIC M A T C H I N G  PLATES)
The d i s c u s s i o n  of Ch ap t e r  V has shown that the 
" h o l og ra phic ul tr a s o n i c  image co nve rter"  using a coupler 
wh ich  m a t c h e s  air to wa ter can be a simple and sensiti ve  
system w h i c h  does not re qui re scanning.
In this chapter, the use of two, ne arly q u a rte r-  
wave plates to par ti al ly or c o m p l e t e l y  match air to water 
is further investigated. In pa rti cul ar, the design, c o n ­
st ruction and p e r f o r m a n c e  of such acoustic " m atching " 
plates is d i s c u s s e d  in some detail.
General Rema rks
U nd er  the conditi on of plane, norm ally incident
sound waves, it is well known that, theoretic al ly, a
single, loss less qua r t e r - w a v e  pl ate can m at ch any two
media. If these media are w a t e r  and air at ambient
press ure  the acousti c imp ed ance of the m a t c h i n g  plate 
4 / 2must be 2.5x10 kgm/m sec. P o s s i b l y  some r u b b e r - l i k e
m at erials exhi bit such low im pedances, but generally, their
losses are p r o h i b i t i v e l y  hi gh so that v e l o c i t y  a u g m e n t a t i o n
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can only be ac hi ev ed at very low (sonic) frequencies.
Because of the lack of suit ab le material s, it is more e x p ­
edient therefore,  to use two or more  q u a r t e r - w a v e  plates 
in order to ob t a i n  v e l ocity a u g m e n t a t i o n  at those frequencies
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c om monly used for acoustic ima ging (1-10 MHz).
The two qua r t e r - w a v e  re son ant coupler w h i c h  is 
i n v e s ti gated in this chapte r is shown in F i g u r e  6-1. It 
is assumed that a plane sound wave p r o p a g a t i n g  in wate r 
and havi ng  a m a x i m u m  d i s p l a c e m e n t  ampl it ude is no rm al ly 
incident on plate 1. Of this incident energy, a part is 
r ef lected b a c k  into the w at er and a part is tra ns mi tted 
to the air. It is further assumed that the air mediu m 
extends to infinity so that no refl ec ted w a v e  exists in 
the air. Unde r these co nditions,  the d i s p l a c e m e n t  a m p l i ­
tude t r a n s m i s s i o n  coe ff ic ient t^ (the m a g n i t u d e  of this 
quanity will also be re ferred to as the "gain") of the 
system is defined as tj = A 0 /Ai, wh ere A 0 is the m a x i m u m  
v i b r a t i o n  a m p lit ud e of the t ransmi tt ed wave.
The ana lysis of the syste m shown in Fi g u r e  6-1 
b a s i c a l l y  consists  of d e t e r m i n i n g  the t r a n sm is sion 
co effic ie nt  t,j for va ri ous speci fic conditions. This 
analys is can be achieve d wi t h  the use of standar d trans- 
m i s s i o n - l i n e  theory; in particul ar , with the use of the 
theory of m u l t i l a y e r  films (commonly used in optics) as 
applied to acou stic plates. This technique is p a r t i cular ly  
co nv enie nt  since, as shown in A p p e n d i x  I, each individual 
plate can be de scr ibe d by a uniq ue transfer matrix, and 
therefore, the method is re ad ily a pp licab le  to the i n v e s t i ­
gation of systems cons is ting of several resonant  plates.
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Water
Z =1.5x10 w
-6
Air (at ambient 
pressure)
A
Z =420 k g m / m  sec 
a
2Z w
A ± ( A C o s Y 1C o s Y 2- B S i n Y 1S i n Y 2 ) + i ( C C o s Y 1 S i n Y 2+ D S i n Y 1C o s Y 2 )
A = Z + Z 
a w
B = Z,Z / Z n + Z Z 0/Z,
-i-a ^ w ^ 1
Yl - - la1d1
= 2TTf / c ^
= speed of sound in 
pl ate  1 (m/sec)
= a t t e n u a t i o n  coefficie nt  
of plate 1 (neper/m)
d^ = Lhickn ess  of plate 1 
(meters)
C = Z 2 + Z aZ w / Z 2 
D -  Z i  + Za 2 „ / Z l
y 2 - K 2d 2 - i a 2d 2
K 2 =  2 TT f / C 2
c 2 = speed of sound in 
plate 2 (m/sec)
a  ^ = a t t e n uat io n co efficient 
of plate 2 (neper/m)
d 2 = thickness of plate 2 
(meters)
F igu re 6-1 A resonant m e c h a n i c a l  trans fo rm er used for 
v e l o c i t y  a u g m e n t a t i o n  across the a i r /w at er 
inter fac e
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It should be noted that some control of the m a t c h i n g  
c h a r a c t e r i s t i c  of the t ra ns former shown in Fi gur e 6-1 can 
be achieved by va ry i n g  the a c o usti c impeda nce  Z of the8l
te rminating  medium, for example, by c o n t r ol li ng the static 
p re ssure of the air medium. As di s c u s s e d  in Chapter VII, 
one p r a ct ic al ad v a n t a g e  of this o p t i m iz ation m e t h o d  is 
the re d u c t i o n  of the coupler's r e f l e c t i o n  coe fficient, 
and conseq uentl y,  the m i n i m i z a t i o n  of standing wave s 
wi thi n the w ater  medium.
D esi gn of Two. Lossy, Nearly Q u a r t e r - W a v e  Plates
It is shown in A p p endix  I that, under the c o n d i t i o n  
of normal incidence,  the d i s p l a c e m e n t  amplitu de t r a n s ­
mi ssion  co e f f i c i e n t  t^ of two a r b i t r a r i l y  thick plates 
is
2Z
w
t = ---------------------------------- ---- — --------------------------
( A C o s Y C o s Y 9- B S i n Y S i n Y 9 ) + i ( C C o s Y 1S i n y + D S i n Y . C o s Y )
1  ^  J. ^  JL Z  1 . 2 .
(6-1)
where Z , Z , Z and Z are the c h a racter is tic acous tic 
w 1 2 a
impedances of water, plate 1, plate 2 and air, r e s p e c t ­
ively; and w h e r e  the remainin g p ara me ters are de fi n e d  in 
Figure 6-1.
R e f e r r i n g  to Figure 6-1, the tr ansmiss io n c o e f f ici en t 
shall be d e t e r m i n e d  under the following, ad dit i o n a l  c o n d i ­
tions
1. The plates are h o m o g e n e o u s  and of u n i f o r m  
thickness
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2. The losses of each plate are small so that
Co sh ad - 1 and Sinh ad - ad.
3. The plates are nearly a q u a r t e r - w a v e  thick so
that K-^d^ - TT / 2 and K 2d 2 ~ ^ ^  (see Fi gure 6-1)
4. Plate 1 is assumed to be a me tal and plate 2
is as su med to be a p l a s t i c - l i k e  materi al  so 
that the acous tic im ped a n c e s  exhibit the 
fol lo wi ng relati on ship
Z.>Z or Z and Z 0 or Z >>Z
1 2 w 2 w a
Under this condition, the par ame te rs A, C and 
D defi ned in Figure 6-1 are a p p r o x i m a t e l y
A - Z C - Z n D - Z
w 2 1
Using the small loss a p p r o x i m a t i o n  listed above, it 
follows from e q u at ion (6-1) that 
2Zw /td = (A' Cos 0 Cos 0 2 - B' Sin Sin B 2 )
(6-2)
+ i (D' Sin 0^ Cos 0 2 + C T Cos 0^ Sin ©2 )
w h e r e
CD
 
f—
1 = K ld l
0 2
=
K 2d 2
A' = A + DL
1
+
C L 2
+ BL ^ L 2
B' = B + CL 1
+
D L 2
+
A L 1L 2
C ' = C + BL
1
+
A L 2
+
D L 1L 2
D ' = D + AL 1
+
B L 2
+ C L 1L 2
L 1 = a ld i
L 2 = a 2 d 2
2
This equ ation and the Taylor series e x pan si on of Cos 0 
and Sin 20 about it/2 may be used to d e t e r m i n e  the fol l o w i n g
expressio n
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4Z^/ I t d | 2 = B ' 2 + aCf/f-L - l ) 2 + b (f / f 2 - l ) 2 (6-3)
+ 2c ( t / f 1 - l ) ( f / f 2 - 1) - d ( f / f 1- l ) 2 (f/f2- l ) 2
w her  e
a = (7T/2)2 (C'2 - B ' 2 )
b = (tt/ 2 ) 2 (D'2 - B ’2 )
c = (tt/ 2) 2 (D 1 C ' - A ' B ' )
d = (tt/2) 4 (C'2 + D ' 2 - A ' 2 - B ' 2 )
f^ = c^/4d^ = f r e q u e n c y  at which pl ate  1 is a
q u a r t e r - w a v e  thick
= C 2 ^ ^ 2  = freclu e n c y at which pl ate 2 is a 
q u a r t e r - w a v e  thick
f = frequency of the incident sound wa ve
St ric tly speaking, the para meters A', B', C' and D' 
and ther efore  a, b, c, and d vary with f r e q u e n c y  since the 
a t t e n u a t i o n  coef fi cient and, to some extent, the speed of 
sound in a p a r t i c u l a r  m e d i u m  are fr e q u e n c y  dependent. H o w ­
ever, for small f r e q u e n c y  var ia tions (nearly q u a r t e r - w a v e 
plates), one may c o n s i d e r  these pa ram e t e r s  to be constant. 
It should  also be m e n t i o n e d  that, under the condition s
listed on page 150, the follow ing i n e q u a l i t y  is ob served
2
d or b > c and c > a >> B' (6-4)
Eq ua ti on (6-3) wil l now be ex amined for two specific 
c on ditions , namely the "tuned" and "un tu ned" case.
Tu ned  plates (f-^ = f 2 ) • The syst em shown in Figure 
6-1 is considered to be "tuned" when the two plates are
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a q u a r t e r - w a v e  thick at the same frequency, i.e. w hen
f n = f 0 = f . Under this condit ion , equati on (6-3) can 
l ^ o
be r e - w r i t t e n  as
t o ---------------------- 2— l    j  (6-5)
[B T 2 + (a + b + 2 c ) ( f / f 0 - l ) 2 - d ( f / f Q - l ) 4 ]
2
Since (a + b + 2c) >> B' , it is ex pected that the 
gain ex hibits a sharp m a x i m u m  at f = f and that it is 
re la t i v e l y  small at all other frequencies. Fi g u r e  6-2 
shows a typical va r i a t i o n  of |t^| wi th frequency. R e f e r r ­
ing to this figure, one may defin e the following important 
parame t ers
It I = m a x i m u m  gain (at f )
d max °
Af = b a n d w i d t h  (half-power points)
A |t^|maX = g a i n - b a n d w i d t h  product
Q = fQ /Af = m e c h a n i c a l  Q of the system
The above para meters may be det er mi ned from equat io n
(6-5). At f = f , the m a x i m u m  gain It . I is
O  1 Q  1 U l a X
I'd I max ' 2V B' ' 2Zw/(B + CL1 + DL2 + AL1L2> (6‘6)
S u b s t i t u t i n g  the a p p r o p r i a t e  e xpr es sions for A, B, C and
D listed on pa ge 148 and a s s u m i n g  small losses, eq uat ion
(6-6) be co me s
b d L a x  “ 2Zw /'ZlZa/Z2 + Z„ V Z1> + Z2L1 + Z1L21 (6-?)
Since the impe dance of m a t e r i a l  1 is larger than that of 
m a t er ial 2, this ex pr e s s i o n  shows that the losses of the
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G a i n , |t d |
d 1 max
A  I U 2d 1 max
Af
F r e q u e n c y , ff o
Figure 6-2 Ty pi c a l  frequency  r e s p o n s e  of the d i s p l a c e ­
ment ampl it ude t r a n s m i s s i o n  coeffic ient
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p l a s t i c - l i k e  m e d i u m  (plate 2) affect the m a x i m u m  gain to 
a co ns i d e r a b l y  greater extent than do the losses of 
m a t er ial 1.
Upon i d e n t ifyi ng  the ha lf - p o w e r  points in Figure 6-2, 
eq uat ion (6-5) may also be used to de t e r m i n e  the b a n d w i d t h  
of the system. N e g l e c t i n g  the f o u r t h - o r d e r  term in the 
d e n o m i n a t o r  of this expression, the b a n d w i d t h  Af becomes
4 fo B ' i
Af = ------------------------------------ ±  (6-8)
7T [ ( C 1 + D ’) 2 - 2 B 1 (A' + B 1 ) ]
wh ere  the rel at ion (a+b+2c) = (7T/ 2 ) 2 [(C '+ D ')2- 2 B '(A '+ B ')]
has been used. It follows from e q ua tions (6-6) and (6-8)
that the gain b a n d w i d t h  product Aflt^l
i i  8 f o Zw i
A f ltdlmax = ------------- 2-------------------  7  (6_9)
n[(C' + D ' ) 2 - 2 B 1 ( A 1 + B ' ) ] 2
and the m e c h a n i c a l  Q is
1
" ~ ^ [(C ’ + D ' ) 2 - 2B ' (A ' + B ’) ] 2 (6-10)
4B '
In order to pre dict the p e r f o r m a n c e  of a lossy system,
it will be useful to evaluate the term [(C '+ D ')2- 2 B 1 (A '+ B 1) ] 2
Substitut in g the a p p r o x i m a t e  rel ations for A 1, B', C' and
D 1, this term reduces to
1
[(C'+ D ' ) 2 - 2 B '(A '+ B ')]2 = Z x (l - L 2 ) = Z x (6-11)
Cons id er ing the previous discussion, the fact that this 
term is a p p r o x i m a t e l y  constant and equal to Z-^  for L-^<<1,
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me ans that the losses of plate 2 e s s e n t i a l l y  d e ter mi ne the 
p e r f o r m a n c e  of the "tu ned" system and that, for small losses, 
the g a i n - b a n d w i d t h  pr oduct is rela t i v e l y  constant and equal 
to 8 f Q ZW /^Z±. Fu rt h e r m o r e ,  s u b s t it ut ing rela ti on (6-11) 
into (6-8) and us ing the e x pr ession for B T, the band width  
Af of a lossy, "tuned " s y s t e m  may be exp r e s s e d  as
(Af>lossy S (^lossless*1 + Z1 L2'z»z2> (6-12)
As wi ll be d e m o n s t r a t e d  later, this r e l a t i o n s h i p  can be 
used to e x p e r i m e n t a l l y  d e t e r m i n e  the a p p r o x i m a t e  at t e n u a t i o n  
c o e f f i c i e n t  a 2 °f plate 2.
Ha vin g d e velop ed  the m a t h e m a t i c a l  e xpress io ns for the 
p a r a m e t e r s  indicated in Figure 6-2, it will be useful to 
e xa m i n e  some n u merical  ex amp les using e x i st ing materials. 
Ta ble  6-1 lists the design para meters  for the system shown 
in Fi g u r e  6-1 w he n m edi a 1 and 2 are q u a r t e r - w a v e  plates 
(at fQ = 140 KHz) of steel and epoxy, respectivel y. (The 
re ason for using epoxy is explained on page 163.)
R ef e r r i n g  to this table, note that these plates only 
p a r t i a l l y  match w ater to air since a total match  requires 
that the lossless sy st em have a gain of about 60. As the 
m a t e r i a l s  are ma de lossy, both the m a x i m u m  tr ans missi on 
c o e f f i c i e n t  |t<j|max anc* t*le Q dec rease in such a manner 
that, as expected, the g a i n - b a n d w i d t h  pro duct remains 
r e l a t i v e l y  constant. (The acoustic im p e d a n c e  and sound 
v e l o c i t y  of each plate, as listed on the b o t t o m  of Table
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a.
a.
nep / m 
0.00 
0 . 00
T ABL E 6-1 
TUNED R E S O N A N T  PLATES 
W a t e r - S t e e l - E p o x y - A i r
*■<3 I max
30.63
fQ = 140 KHZ
Af
KHz
0.40
Af | td I ma x
x 10'
12 . 30 350
0 . 01 
0 . 00
30.55 0.40 12 . 30 348
0.01 
1. 00
11. 31 1. 09 12 . 31 128.5
0.01 
5. 00
3.21 3 . 84 12 . 33 36 . 5
0 . 01 
10 . 00 1.69
7 .27 12.33 19 . 3
= 41.2 x 1 0 8 k g m / m 2 sec 
= 5.29 x 1 0 B m/sec
d 1 = 9.45 x 10 -3 m
Z 2 = 2.5 x 1 0 6 k g m / m 2 
co = 2.27 x 1 0 B m/sec
d £ = 4.05 x 10 -3 m
sec
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6-1, are mea su red va lues and were o b t ai ne d from the data 
w h i c h  is prese nted later.)
The results listed in Table 6-1 may  also be t r a n s ­
lated to any other base freque nc y p r o v i d e d  that the 
pa ra m e t e r s  A 1, B', C' and D' remain the same. For 
example, when fQ = 1.4 MHz and a-^  = 0.1 n e p e r s / m e t e r  
and ot2 = 10 n e p e r s / m e t e r  , then
dj = 0.065 mm d£ = 0.4 05 mm
I *"d I max " 3 0 '55 Af ‘ 4 '03 KHz
I cd I max - 1 2 -3 * lo4 « ’ 348
Table 6-2 lists the pa rameters of a "tuned", a l u mi nu m-
epoxy resonant system for the same a t t e n u a t i o n  co eff icien ts  
that we r e  used in Table 6-1. Compar in g these two tables, 
it should be noted that, for lossy media, the actual gain 
of an initial ly low Q sy st em ( a l u m i n u m - e p o x y ) may be hi gher  
than that of an i n i ti al ly high Q system (s t e e l - e p o x y ). One 
w o u l d  also expect that the tolerance r e q u i r e m e n t  of the low 
Q sy st em is less stringent. As a result, in practice 
(and par t i c u l a r l y  at high fr equencies), it may be more 
a d v a n t a g e o u s  to con struct  a low Q rather than a high Q 
sys t e m .
Un tu ne d plates (fi ^ f2)* T he s i t u a t i o n  that is 
u s u a l l y  encountered in p r a c t i c e  is that plates 1 and 2 
are a q u a r t er-w av e thick at different frequencies.  It
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TABLE 6-2 
TUNED R E S O N A N T  PLATES 
W a t e r - A l u m i n u m - E p o x y - A i r
a l
a-2
n e p / m  
0 . 00 
0 . 00
t-d I max
12. 65
f Q = 140 KHz
Af
KHZ
2 .29
Af td ' max
x 1 0 ‘
29.0 61. 1
0 . 01 
0 . 00
12. 64 2 .29 29 . 0 61.0
0 . 01 
1 . 00 9.93
2.92 29 . 0 48 . 0
0.01 
5 . 00
5.34 5 . 44 29 . 1 25 . 7
0 . 01 
10 . 00
3.29 9 . 10 30. 8 15 . 4
= 16 x 10^ kgm/m^sec 
= 5.4 x 10 m/sec 
d^ - 9.65 x 10-3 m
2
Z 2 = 2.5 x 10 kgm/m 
C2 = 2.27 x 1 0 3 m/sec 
62 = 4.05 x 10 3 m
sec
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remains, therefore, to examin e the f r e quen cy  respons e of 
i td | w he n f 1 ± f2 -
A s s u m i n g  that the at t e n u a t i o n  co e f f i c i e n t  and a 2 
re main freq uency  indepe n d e n t  in the fre q u e n c y  range of 
interest, n u m eric al  s u b s t i t u t i o n  into the ge neral e xp re ssion 
(6-1) shows that the fr e q u e n c y  response of |td f of sl ightly  
"un tu ne d" plates (as long as 0.9f^ ^ 2 —  very
s im ilar to that of "tuned" plates (see Figure 6-2) - in 
the sense that the shape of the curve and the m a x i m u m 
gain are almost the same. However, the fre q u e n c y  f at
w h i c h  the t r a n s mi ssion c oeffic ie nt is a maximum, is shifted. 
In general, fQ is b e t w e e n  f^ and f2 and, due to the low 
loa ding of plate 2, fQ is v er y close to f^.
The frequen cy  f at w h i c h  the gain of "u ntuned" plates 
is a m a x i m u m  may be d e t e r m i n e d  q u a n t i t a t i v e l y  by d i f f e r ­
e nt i a t i n g  eq uati on  (6-3) wi th respect to f (under the 
a s s u m p t i o n  that A ' , B ' , C' and D' are i n d e p e n d e n t  of 
frequency), equating the resultant  e x p r e s s i o n  to zero, 
and so lving  for its roots. Such a c a l c u l a t i o n  shows that 
f = £ 2 ( 1  + H ) where, to a good ap pr o x i m a t i o n
<f2 - t 1 ) ( a f 2 + cf )
n - -----------5-------------- 2-------------------------- (6-13)
[(d - a )f 2 + (d - b ) f ‘ - 2 ( d + c ) f 1 f 2 ]
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N u m e r i c a l  su b s t i t u t i o n  into this e xp re ssion confirms 
that n is very small, impl yi ng that f0ssf2 and that its 
sign is always such that f Q is between f^ and f2« F u r t h e r ­
more, as the impedance ratio Z-^jZ^ is increa sed, fQ 
a p p r o a c h e s  more closel y f2*
An analytic al  e x p r e s s i o n  for |tjlma x of "untuned" 
plates may also be d e t e r m i n e d  by s u b s t i t u t i n g  fD into 
e q u a t i o n  (6-2). The re sultant expression, however, is 
rathe r involved and, for eng in e e r i n g  purposes , it is of 
m i n o r  use. (Although (6-13), which is o b t ai ned from the 
a p p r o x i m a t e  relation (6-3), acc urat el y p r e d i c t s  f 0 , the 
gain at this freque ncy must be obtained from the more 
exact r e l at ion (6-1) or (6-2).)
The above frequen cy  shift of "untuned" plates is 
expected, but the fact that the maxi m u m  gain and the 
b a n d w i d t h  of such plates is nearly that of "tuned" plates, 
is not at all obvious, a priori. The extent  of this 
v a r i a t i o n  of the de sign para me ters is t a bu lated in 
T ab le  6-3 for the p r e v i o u s l y  discussed a l u m i n u m - e p o x y  
s y s t e m  wh en f2 = 0.92fi (top) and f2 =1 .08fi  (bottom).
C o m p a r i n g  Tables (6-2) and (6-3), as f 2 is increased 
from 0.92fi to 1.08fi, the following  are obs er ved
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a l
a2
n e p / m
0.00 
0 . 00
0.01 
0 . 00
0 . 01 
1 . 00
0.01 
5. 00
0.01 
10. 00
TABLE 6-3 
"UNTUNED" A L U M I N U M - E P O X Y  PLATES 
f 1 = 140 KHz, f 2 = 128.8 KHz
|td |max
12.58
12. 57
9.72
5 . 09
3 . 19
Af
KHz
2.15
2 . 15
2 .78
5 .32
8. 45
A f Itd Imax
x 10^
27 . 0
27 . 0
27.0
27 . 1
27 . 1
KHz
60.7 130.2
60.6 130.2
46.8 130.2
24.5 130.2
15.3 130.2
f ■]_ = 140 KHz, f 2 = 151.2 KHZ
0.00
0.00
0.01
0.00
0.01 
1 . 00
0.01
5.00
0.01 
10 . 00
12.58
12.57
10. 05 
5. 58 
3. 59
2 .46 
2 . 46
3.08 
5 . 57 
8. 67
31. 0 
31 . 0
31.0 
31 .1 
31. 1
60.8 149.6
60.7 149.6
48.5 149.6
26.9 149.6
17.2 149.6
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1. When the pl ates are lossless, Af and A f | t | max
Increase m o n o t o n i c a l l y  while |td|max a n d Q
pe ak when the syste m is 'tuned."
2. For small losses, all four pa ra m e t e r s  increase 
monotoni ca lly.
3. For large losses, Af peaks when the system  is 
"tuned" w h i l e  the re mai ning para m e t e r s  increase 
m on oto nic ally.
4. Only the g a i n - b a n d w i d t h  product incr eases for
all of the ab ove con ditions and regi sters the
greatest ch ange (13%).
A l t h o u g h  one is te mpted to draw ap p r o p r i a t e  c o n c l u ­
sions from these results, it must be recall ed that these 
were obt ained for constant a t t e n u a t i o n  coe f f i c i e n t s  and 
that, in practice, these c o e f f i c i e n t s  often are linearly 
r el ated to the frequency. Co nse qu ently, pra c t i c a l  plates 
are ex pected to exhibit the cha r a c t e r i s t i c s  de s c r i b e d  in 
#1 above.
S u m m a r i z i n g  the re sults of the d i s c u s s i o n  thus far, 
it is ap pa re nt that the p e r f o r m a n c e  of the two, nearly 
qu a r t e r - w a v e  plates shown in Fi gu re 6-1 is essent i a l l y  
d e t e r m i n e d  by plate 2 ( p l a st ic -like material) in the 
followin g way
1. The ab solut e th ick ness d2 of m e d i u m  2 
vi r tua ll y d e t e r m i n e s  the "reson ant " f r e ­
quency fG of the overall system.
2. Under the p r e v i o u s l y  stated co nditions, the 
maxi m u m  gain of the overall syst em is limited 
mai n l y  by the a t t e n u a t i o n  coeffic ie nt a 2 of 
mater i a l  2.
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The p r e vi ou s d i s c u s s i o n  has also shown that s u b s t a n t i a l  
sound t r a n s m i s s i o n  to the air can be obtained even when  
the plates  are "untuned" (f ^  f2) by as much as + 10%.
H e u r i s t i c a l l y , it may also be argued that, due to 
#1 above, the thickness t o l erance of ma terial 2 is more 
critical than that of medium  1. However, the ac tual 
tolerance is d i ff ic ult to c a l c u l a t e  since this requires, 
among other things, a kn o w l e d g e  of the lateral c o u p l i n g  
between adjacent, d i f f erent ia l elements.
C o n s t r u c t i o n  of Two Q u a r t e r - W a v e  Plates
As a result of the pr ev ious discussion, the choice 
of media 1 and 2 for the sy s t e m  shown in Figure 6-1 is 
based, t h e o r e t i c a l l y , on their a t t e n u a t i o n  c o e f f i c i e n t s  
at the fr e q u e n c y  of interest, as well as on the ratio of 
their a c o us ti c impedances. Howeve r, in practice, an 
important a d d i t i o n a l  c o n s i d e r a t i o n  is the a v a i l a b i l i t y  of 
a suitable a d h e s i v e  in order to form a strong, lossless, 
mechanical bond be tw e e n  these two materials.
In r e f e r e n c e  to this latter consideration, the 
u nd es irable  effects of the adhesive, pa rt icular ly  at high 
fre quencies w h e r e  its th ick ness (relative to that of the 
plates) cannot be neglected, has led to the use of epoxy; 
that is, of c o n s tr ucting  plate 2 en it rely of epoxy. In 
this manner, effi cient use is mad e  of both the a d h e s i v e
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and ac oustic p r o p e r t i e s  of epoxy.
Since the ob ject is to construct h i g h - g a i n  plates 
and since this req uires that Z^ >> Z 2 (medium 1 must be 
an a c o u s t i c a l l y  "hard" material), r e s t r i c t i n g  me d i u m  2 
to be epoxy limits the choice of m a t e r i a l  1. Hence, 
m a t e r i a l s  such as glass, common metals, etc. appear to 
be an appr op r i a t e  choice for plate 1.
The follow ing  d i s c u s s i o n  des crib es  the general 
c o n s t r u c t i o n  and tuning techn iques used to ob tain both 
h i g h - f r e q u e n c y  and lo w- fre quency, m e t a l - e p o x y ,  quarter- 
w a v e  p l a t e s .
C o n s t r u c t i o n  techniques. With r e f e r e n c e  to the 
pr eviou s t he or etical discussi on, the m etal substa te 
(plate 1) is p r e p a r e d  in the following ma n n e r
1. The me tal p late is h a n d - g r o u n d  to the desired 
thickness w h i c h  should be m a i n t a i n e d  as 
u n i f o r m  as e x p e r imen ta l c o n d i t i o n s  will 
permit. (The thickness was m a i n t a i n e d  w i t h ­
in + 3 m i c r o n s .)
2. The surface w h i c h  will face the epoxy is 
p a r t i a l l y  polished. This is d e s i r a b l e  since 
the t h i ck ne ss tolerance of the epoxy is 
ex pecte d to be more cri ti cal than that of 
the metal.
3. The plate is now immersed in w a t e r  and, using 
the pulsed  sound method d e s c r i b e d  in A p p e n d i x  
II, the f r e q u e n c y  f-[ at w h i c h  the plate is a 
h a l f - w a v e  thick, is recorded. (The purpos e 
of this step will become  a p p are nt  later.)
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4. The metal is c h e m i c a l l y  cleaned and d e ­
greased w i t h  t r i c h l o r e t h y l e n e  vapor. This 
step is rather im portant since the bond of a 
number of plate s we ak e n e d  or b ro ke co mp l e t e l y  - 
p r es umably  b e c a u s e  of improper degre as ing.
5. A teflon or lucite ma s k  wh ich wi l l  serve as 
a mold for the epoxy, is a t t a c h e d  to the 
polished surface.
The epoxy is p r e pa red in a ccorda nc e wi t h  two specific 
pu rpose s - h o m o g en eity of the mixtur e and m i n i m i z a t i o n  
of the a t t e n u a t i o n  coefficient.  The latter in di r e c t l y  
implies that all gaseous i m puritie s be re moved from the 
mixture. For this reason, the casting of the epoxy is 
pe r f o r m e d  in the f o llowin g way
1. Epon resin 828 and curing agent V-40 are
degassed s e p a r a t e l y  in vacuum  (5mm Hg) at 
an elevated t e m p e r a t u r e  (80°C) for a p p r o x i ­
mately five hours. The comp onents are then 
allowed to cool to 50°C.
2. The d e gre as ed me tal plate wi th its m a s k  is 
placed in a v a c u u m  chamber, leveled and p r e ­
heated to 50°C.
3. Equal parts (by weight) of the above resin 
and curing agent are carefu lly and thor ou ghly 
mixed by hand in a prehea ted  bowl (50°C) at 
ambient pressure. (See note 1).
5. The mixt u r e  is ag ain degassed  by ra pidly
d e crea si ng the p r e s s u r e  to about 5 mm H g .
During this critical  step, the t e m p e r a t u r e  
is allowed to rise to 60°C in order to 
facilitate the re moval  of any gas eous
Note 1. Ideally, the d e g a s s i n g  of the epoxy components, 
the mi xing of these com ponents and the castin g 
of the epoxy should be done in a v a c u u m  e n v i r o n ­
ment. Since this was not possible  wit h  present 
facilities, the c o m p r o m i s e  procedure, as d e s ­
cr ibe d in steps 3 th rough 6, was used.
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i m pu rities  which may have b een  trapped during 
mixing. A m e c h a n i c a l  "mani p u l a t o r "  may also 
be used to burst any p a r t i c u l a r l y  large gas 
bubbles. (see note 1).
6. Step #5 may be c o ntinue d as long as the 
v i s c o s i t y  of the epoxy remains suf f i c i e n t l y  
low (about 25 minutes) . At this time, the 
volume, and therefore, the ad ve rse ac ous t i c a l  
effect of any r e ma ining su rface  bubbles, may 
be re du ce d by re movin g the vacuum. (see note 
1) •
7. The ep oxy  is cured at 60°C for a p p r o x i m a t e l y 
three days. (However, a faster curing schedule  
did not appear to affect  the p e r f o r m a n c e  of 
the c o m pl et ed system.)
Figure 6-3 illustr at es a c o m pl eted cast (st eel-epoxy 
plates) w h i l e  in the curing process. Cle a r l y  vi sib le  
are the v a c u u m  co llar (1) with  its m a n i p u l a t o r  (2), the 
heater (3) w i t h  its ele ct ri cal c o n n e c t i o n s  (4) and the 
masked, steel pl ate (5) onto w h i c h  the epoxy (6) has 
been case.
P r e l i m i n a r y  tuning of m e t a l - e p o x y  p l a t e s . Fro m the 
previous, t h e o r e t i c a l  dis cu s s i o n  of ne a r l y  q u a r t er-w av e 
plates it is a p p a r e n t  that m a x i m u m  gain is obtained when 
the two plates are "tuned". For the m e t a l - e p o x y  plates 
wh ose c o n s t r u c t i o n  detail s are d e s c r i b e d  above, this 
tuning is a c c o m p l i s h e d  by gri nding the epoxy to its 
prope r thickness. (Frequency f i s  assu med to be the 
design  fre quency.)
I 6 7
Figure 6-3 A completed s t e e l - e p o x y  casting shown in its 
curing stage. The glass dome which comple tes  
the vacuum ch amb er has been removed, (see text)
During the tuning process, a conve n i e n t  techniq ue 
for m o n i t o r i n g  the extent to whi ch  the plates are tuned, 
is based on the shift in fr equency at w h i c h  the t r a n s ­
mi ss i o n  c o e f f ic ient of a "loaded" h a l f - w a v e  plate is a 
maximum. In par ti cular,  consider the res onant system 
shown in Figure 6-1 w h e n  Z a = Zw (plates immerse d in 
water) and when the fre qu ency f of the sound wave is 
doubled, i.e. when each plate is ne a r l y  a h a l f-wave  thick 
Us ing  an an al ys is very similar to that d i s cuss ed  on pages 
149 - 161, it can be shown that the fr e q u e n c y  fa at which 
|td| of the ov er a l l  sy st em is a m a x i m u m  (for Za = Zw , 
|tdlmax~ lies b e t w e e n  the f r e q u enc ie s at which either
plate is a h a l f - w a v e  thick. Furthe rmore, f^ is very 
ne arly equal to f|, w here is the h a l f - w a v e  freque nc y  
of plate 1 (metal). A l t h o u g h  the fr e q u e n c y  shift | f ■[ - f 
is small and d e c r e a s e s  as Z^/Z£ is increased, it is 
s u f f i c i e n t l y  large to be detected w ith the pulsed sound 
me th od  de s c r i b e d  in A p p e n d i x  II.
As a result of the above di sc uss ion, a m etal -e poxy 
system which  is d e s i g n e d  for a base fre quenc y f Q (that is 
the thickness of each plate is near ly  a qua rte r- wave 
thick at fQ ), may be "tuned" at a fre q u e n c y  which is 
a p p r o x i m a t e l y  equal to 2 f Q . This is acc o m p l i s h e d  by 
im mer sing the bonded  plates in w at er  as s h o w n  in Figure  
II-l and det erm in ing, in ac co r d a n c e  w it h the di scussion
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of A p p e n d i x  II, the fr e q u e n c y  f Q at wh ic h the sound t r a n s ­
m i s s i o n  th rou gh the sys t e m  is a maximum. This fre qu ency
»
is then compared to f , i.e. the hal f - w a v e  fre q u e n c y  of 
the me tal plate alone (before the epoxy has been cast
on it). If the epoxy thi ckness is i n itially  too thick,
* » »
then fQ <fi and as the epoxy thickness if reduced, fD
i i '
wil l a p p roa ch  f^ until, whe n  fQ = f ^ , the pl ates are 
"tuned". Of course, fu rther re duction of the epoxy
* i
thickness will make fQ >f^. (Specific data is p r esen te d 
on page 177.)
With the above, simp le tuning procedure, the 
q u a r t e r - w a v e  fr equ enc y f£ of the epoxy can read i l y  be 
a d j u s t e d  to withi n 5% of f ^ • Final tuning, howeve r, is 
p e r f o r m e d  under actual loadi ng  conditions; that is, 
w it h  the epoxy bo unded by air.
T e s t i n g  and final tuning of m e t a l - e p o x y  p l a t e s . The 
p e r f o r m a n c e  of the m e t a l - e p o x y  resonant sy st em may be 
d e t e r m i n e d  from the fre q u e n c y  response of the relative  
v i b r a t i o n  amp litude of the epoxy surface and from the 
r e l at ions de veloped on pages 149-161. One arrang e m e n t 
w h i c h  may be used to obta in  the frequency r e s po nse is 
d i a g r a m a t i c a l l y  shown in Fi gure 6-4 and i l l u s t r a t e d  in 
F i g u r e  6-5.
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Ref e r r i n g  to Fi g u r e  6-4, the p a r t i a l l y  tuned plates 
(1) are mo unt ed  to the wall of a tank (2) w hi ch is 
filled with water. A broadba nd tr ansducer, mounted on a 
mo vab le ca rri a g e  to pr ovi de a v e r n i e r  adjustm ent of 
the dis tance D b e t w e e n  its su rf ac e and that of the metal, 
is made to g e n e r a t e  a continuous, a p p r o x i m a t e l y  plane 
sound wave w h i c h  is norm al ly inc ident on the metal surface. 
Finally, the re sistor R tends to m a i n t a i n  a constant 
acoustic output as the sound f r e q u e n c y  is varied.
The optica l sy stem shown in this d i a g r a m  is ide ntica l 
to that de s c r i b e d  in Chapte r II (see page 44). A laser (3) 
generates a c o l l i m a t e d  light wa v e  wh ic h is reflected from 
the epoxy surface. Due to the s i n u s o i d a l  vibrati ons of 
this surface, the reflec ted light b e a m  suffers a pe riodic  
lateral d i s p l a c e m e n t  whic h is conver te d to an amplitu de  
mo du lation by the knife edge (4). The resultant am p l i t u d e  
mo dulated w a v e  is de tec ted by the photo mul tipl ie r tube 
(5) and is co n v e r t e d  to an e l e c t r i c a l  signal whose f r e ­
quency is that of the sound wave. This signal is then 
amplified and di s p l a y e d  on an o s c i l l o s c o p e  (6). A s s u m i n g  
that the epoxy su rfa ce  vibrat es as a piston, the e l e c t r i ­
cal signal a m p l i t u d e  is directly  p r o p o r t i o n a l  to the 
surface v i b r a t i o n  amplitude.
Figure 6-5 illus tr ates the actual opt ical a r r a n g e ­
ment used. (The r e feren ce  nu mb ers shown in this figure
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Va r l a b l e  
f req ue ncy 
os ci l l a t o r
Frequenc y
c oun ter
Tran sd ucer  
moun t e d  on a 
movable carria ge
Tank
Me tal 
epoxy 
plates , 1
Photo m u l t i ­
plier tub e ,
Knife e d g e ,4
Laser
Tuned 
amplif ier
To d i s p l a y , 6
Figure 6-4 An a r r a n g e m e n t  which may be used to test the 
p e r f o r m a n c e  of m e t a l - e p o x y  reson an t plates
1 7 2
Fi gur e 6-5 Ill u s t r a t i o n  of the actual r e f l e c t i o n  method 
used to me as u r e  the relative v i b r a t i o n  a m p l i ­
tude of the epoxy surface. (The r e f e r e n c e  n u m ­
bers correspond to those of Fi gure 6-4.)
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co rr espo nd  to those used in F i g u r e  6-4.) As can be seen, 
a mi rror direct s the r e f le ct ed laser beam past the knife 
edge (not visible) and to the photo detector (5). Note 
also that the angle of i n c id en ce of the light b e a m  (angle 
0 in Figu re  6-4) is r e l a t i v e l y  large (75°). This increase s 
the s e n s i t i v i t y  of the opti cal sy s t e m  and tends to aver ag e 
the v i b r a t i o n  amp li tu de over a larger area (instead of 
m e a s u r i n g  it at one point).
It is w o r t h  noting that the m e t h o d  d e s cri be d above 
detects the v i b r a t i o n  a m plitude  A c of the epoxy surface; 
not the d i s p l a c e m e n t  a m p litud e tra n s m i s s i o n  c o e f f i c i e n t  
tj. Since t^ = A 0 /Ai, it is imperative, therefore, that
the a c o ust ic  in tensity of the incident sound wa v e  be
constant wi t h  frequency.
W it h the ex pe rimenta l a r r a n g e m e n t  shown in Figure 
6-4, the foll ow ing general p r o c e d u r e  is used to det e r m i n e 
the f r eque nc y re spo nse of A Q
1. In order to m i n i m i z e  d i f f r a c t i o n  effects, 
p a r t i c u l a r l y  at low frequ encies, the no minal 
di s t a n c e  D is a d j u s t e d  to be as large as 
po s sib le  (app ro x i m a t e l y  24 cm).
2. The transduce r is first aligned to a "dummy" 
qu a r t e r - w a v e  plate w i t h  the use of pulsed 
sound, i.e. its an gular o r i e n t a t i o n  is ad juste d 
to yield the str ongest echoes. By m e a s u r i n g  
the mag n i t u d e  of the first echo, this a r r a n g e ­
ment may also be used to dete rmine the f r e ­
quency response of the transducer output. The 
"dummy" plate is then replac ed with the meta l-  
epoxy system w h i c h  is to be tested.
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3. The op tical  system, e s p e c i a l l y  the p o s i t i o n  
of the knife edge, is a d j u s t e d  to yield the 
hi gh e s t  s i g n a l - t o - n o i s e  ratio.
4. Having al ig ned the a c o u s t i c a l  and optical 
system, the t ransduc er  is excited with a s i n ­
u s o i d a l  vol t a g e  of v a r i a b l e  frequency, and for 
each frequency, the d i s t a n c e  D and the r e ­
sonant f r equ en cy of the tuned el ectrical  
am p l i f i e r  is ad juste d to yield a m a x i m u m  output 
signal. Finally, each m e a s u r e m e n t  is c o r re ct ed 
to account for the v a r i a t i o n  with fre q u e n c y  of 
the t r ansdu ce r output and the gain of the 
e l e c t r i c a l  amplifier.
E x p e r i m e n t a l  Re sults
M e t a l - e p o x y  plates were constr uc ted, tuned and tested 
in a cc or dance wi t h  the previous d i s c u s s i o n  (pages 164-174); 
and the p e r f o r m a n c e  of the overall sys t e m  was e v a luated  
from the resu ltant  m e c h a n i c a l  Q - the only paramet er  that 
could be d e t e r m i n e d  abs ol u t e l y  from the relati ve fr e q u e n c y  
d e p e n d e n c e  of |t^| .
A de ta il ed d e s c r i p t i o n  of the te chniques used to 
obtain and to e v a l u a t e  a lo w-freq ue ncy, steel- e p o x y  system 
will now be pr esented. The p e r f o r m a n c e  of this system  will 
then be co mpa red  to that of other m e t a l - e p o x y  plates.
A low ca r b o n  steel plate, ha v i n g  the following 
c h a r a c t e r i s t i c s  and dim ensions
C o m p o s i t i o n  - 0.18% Carbon, 0.50% Mangan ese,
0.20% Silicon, 0.04% Phosph or  
and Sulphur
Specific gr av i t y  - 7.79
No mi n a l  d i m e n s i o n s  “ 4" x 5" x 3/8"
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was pr ep ared in a c c o r d a n c e  wi th the p r o c e d u r e  de scribed 
on pag e 164; its final thickness was grou nd to 9.470 mm 
+ 3 microns. The h a l f - w a v e  resonant freq uency  of this 
plate was ob tai ned w i t h  the pulsed sound im mersion t e c h ­
nique discuss ed in A p p e n d i x  II and shown in Figure II-l.
In this arr an gement,  the transducer was a 1-1/2" dia., 
w a t e r- ba cked, p i e z o e l e c t r i c  crystal hav in g a resonant 
fr e q u e n c y  of 323 KHz. With the cr ystal se par ate d 28 cm
t
from the steel plate, the hal f - w a v e  fre q u e n c y  f^ of this 
plate was 305.8 KHz. Th e o r e t i c a l l y ,  this meas ur ement 
imp lies that the q u a r t e r - w a v e  fre q u e n c y  f^ is a p p r o x i ­
m a t e l y  153 KHz and that the speed of sound in this steel 
plate is 5.97 x 10^ cm/sec.
In order to d e t e r m i n e  the amount of epoxy required 
for this system, a small epoxy disk was cast and tested 
separately. The f o l lo wi ng c h a r a c t e r i s t i c s  we re m e a sured  
Specific g r a v i t y  = 1.10
Speed of sound = 2.30 x 10^ cm/sec (average v alue
obtained w i t h  the pulsed sound 
immersion t e c h n i q u e  using f r e ­
quencies b e t w e e n  1 and 2.2 MHz)
Using this data, a total of 41 grams of epoxy was 
cast upon the p o l i s h e d  steel surfac e (as per the p r oced ur e 
ou tli n e d  on page 165), and resul ted in a plate having 
d i mens io ns  of a p p r o x i m a t e l y  6.3 cm x 10 cm x 5.09 mm. 
A l t h o u g h  this ca st ing pr oc e s s  did not yield a "b ubble-f re e"
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plate, the gas bu bb les were primarily c o n fi ne d to the 
epoxy surface. Fi g u r e  6-3 shows the co m p l e t e d  steel- 
epoxy system.
The system was then tuned with the same arrangeme nt 
that was used to obtain  the half-wave resonan t frequency 
of the steel plate. Ta ble 6-4 shows the res ultant  data
I
compiled  during the tuning process. In this table, f 
r e p r e s e n t s  the freq uency obtaine d with the pulsed sound 
imm e r s i o n  technique at w hich the p r e ssure  tr ans missi on  
co e f f i c i e n t  |tp| is a m a x i m u m  or at w h i c h  the re fle ction  
c o e f f i c i e n t  |rp| is a minimum. As can be seen, after 
co at in g the steel plat e wit h  an epoxy layer (5.09 mm thick), 
no r e so na nce could be detected. However, after the removal 
of 0.45 mm  of the epoxy, a broad r e sona nc e was observed 
b e t w e e n  302.2 and 302.6 KHz. Further g r i n d i n g  of the epoxy 
plate produced more clearly defined r e s ona nt  points until, 
at 4.07 mm (305.8 KHz), the pulsed sound met ho d indicated 
that the two plates we r e  tuned to the same frequency.
Fi g u r e  6-6 shows the o s c i l l o g r a m  ob ta ined for this c o n d i ­
tion.
Normally, this comple te s the tuning process; however,
for ill ustrat iv e purposes, the thickness of the epoxy was
further reduced to 3.79 mm. As expected, the resonant
»
fr e q u e n c y  of the sy s t e m  was then greater than f ^ .
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9.47
9 .47
9.47
9.47
9.47
9.47
9.47
9.47
di =
d 2 =
TABLE 6-4
TUNING D ATA  FOR A S TEE L- EPOXY S Y S TEM
t
d2 f o fo
mm KHz KHz
0.00 305.8 139.5
5.09
4.64 -302.4
4.63 302.7 123.2
4.40 303.5 130.0
4.22 305.1 134.9
4.07 305.8 139.5
3.79 307.5 149.0
t h ic kness of the steel plate 
t h ic kness of the epoxy plate
Comment s
single steel plate
no r e s o n a n c e  observed
see r e s p o n s e  #1, 
Figure 6-8
tuned, see re spo nse  
#2, Fi g u r e  6-8
see r e s p o n s e  #3, 
Figure 6-8
f r e q u e n c y  at which | irp-[ nulls (determined wi th the 
pu lsed sound imme rs ion tech nique d i s cussed  in Ap pendix  
II)
f r e q u e n c y  at which |t^| is a ma ximum  (obtained g r a p h ­
i cal ly from  the f r e q u e n c y  dep end en ce of |td|)
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D u r i n g  the above tuning proces s, the f r e q u e n c y  
depen d e n c e  of I t^lwas also o b t ai ned for vari o u s  epoxy 
thicknesse s w i t h  the a r r a n g e m e n t  shown in F i g u r e s  6-4 and 
6-5. R e f e r r i n g  to these figures, the fol lo wi ng component s 
were used
Ta nk - 3/4" pl ywood w i t h  rei nforced corners,
14" x 19" x 14" high
La ser  - U n i v e r s i t y  Lab, model LH 351, 3 m w ,
6328 I
Kn ife edge - razor b lade taped to the photo 
detector a p e r t u r e
Photo detector - RCA 6217 mu lt i p l i e r  phototu be, 
peak res po nse at 4500 A
O s c i l l a t o r  - Tech. Inst. Corp., model 410-A
T une d ampli fier - single pentode, plate tuned, 
vo ltage gain ss 200
T r a n s d u c e r  - 2-1/2" dia., air -backed, ceramic 
crystal (see F i g u r e  6-7) d r i v e n  by a 
class B power amp l i f i e r  (not shown in 
Figure 6-4)
R = 390 ohms, ca rb on type
D = 24.4 cm
0 = 75°
F o l l o w i n g  the p r oced ur e de s c r i b e d  on pages 173-174, 
the f r e q u e n c y  depen de nce of the relativ e gain was obtained 
for epoxy thi ck ne sses of 4.63, 4.40, 4.22, 4.07 and 3.79 mm. 
Three of these response curves, namel y those for 4.40, 4.07 
and 3.79 mm are shown in F i g u r e  6-8. Finally, the freque ncy 
fG at which, for each r e s p o n s e  curve, J  t^| is a maximum,
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Figure 6-6 O s c i l l o g r a m  o b t ained as per Figure II-l for a 
low frequency, s t e e l - e p o x y  system. Note that 
the refl ec ted pulse nulls almost c o m p l e t e l y  at 
r e s o n a n c e .
Figure 6-7 T r a n s d u c e r  used in Figure 6-4 to det e r m i n e  the 
fr e q u e n c y  de pe n d e n c e  of |t^|
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is recorded in Table 6-4.
The i n t e r p r e t a t i o n  of the e x p e r i m e n t a l  data pr e s e n t e d  
in Table 6-4 and Figure  6-8 is as follows
1. It is noted that the data obtained w i t h  the 
pulsed sound m e t h o d  (column 3 in Ta ble 6-4) 
appears s e l f - c o ns is tent. That is, the v a r i a ­
tion of fQ with respect to fi and the in cre asing  
"s h a r pn ess" of the nulls as the epoxy thickne ss 
is decreased, c o n f i r m  that the sy stem is tuned 
w h e n  d2 = 4.07 mm.
2. This implies that r e s p o n s e  curve #2 in Figure 
6-8 c orr es ponds to that of tuned plates. Since 
for this c o n di tion f = f 2 = 139.5 KHz, it follows 
that the speed of sound in steel and epoxy (as 
d e t e r m i n e d  from r e s p o n s e  curve //2) is 5.29 x 10^ 
cm/sec and 2.27 x 10^ cm/sec, respect iv ely.
(These values should be compared w it h those 
o b t a i n e d  p r e v i o u s l y  w it h pulsed sound, i.e.
5.97 x 1CP and 2.30 x 10^ cm/sec, re sp ectivel y. )
3. Using these newly d e t e r m i n e d  sound v e l o c itie s,  
it is po ssibl e to co mp u t e  the epoxy q u a rt er - 
wa ve fr equency f2 for other thi ck nesses  at which 
the frequ en cy d e p e n d e n c e  of |td| was determined. 
Hence, as shown in Fi g u r e  6-8, f2 = 129.0 KHz 
for curve #1 and f2 = 149.9 KHz for r e s p o n s e  #3.
4. R e f e r r i n g  to the "un tuned " respon se curve #1 
and #3 in Fi gur e 6-8, it is evident that f Q is 
ne a r l y  equal to f2 but is always b e t w e e n  f2 
and f±. Hence, the v a r i a t i o n  of the "r eso nant"  
fre q u e n c y  fQ of the c o mp os ite system  as the 
epoxy thickness is reduced, is co ns i s t e n t  with 
theore t i c a l  ex pec ta tions. Furthe rm ore, Figur e 
6-8 also shows the exp ec ted rela tive f r e qu en cy  
i n d e p e n d e n c e  (of ne ar ly quar t e r - w a v e  plates)
of Q and A f •
In a d d i t i o n  to the ap pa rent di sc re p a n c y  in the value 
of the sound v e l o c i t i e s  o b t ai ne d wit h pulsed sound and 
the above analys is, the o c c u r r e n c e  of a s e condary  m a x i m u m  
in the fre q u e n c y  res po nse of "un tu ned" plates (see curves
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#1 and #3 in Figu re  6-8) is not pred ic ted by the p r eviousl y 
di scu ssed theory. A l t h o u g h  the reason for the oc cu r r e n c e  
of the s e c o n d a r y  peak has not been thorou ghly investigated, 
it is i n t e r e s t i n g  to note that this m a x i m u m  o c c urred at 
139.5 KHz which, from the pr ev i o u s  discussion, is the 
qua r t e r - w a v e  frequency  of the steel plate (see note 2).
It was also found that the m a g n i t u d e  of the s e co nd ary  
ma xi m u m  r e l a t i v e  to that of the expected, do min an t peak, 
increased in w e a k l y  bonded plates. Hence, these results 
suggest that d i f f r a c t i o n  ef fec ts or mode coupling  within 
the plates may be re s p o n s i b l e  for this u n expect ed  
b e h a v i o r .
Fro m  the experi me ntal data pre se nt ed thus far, the 
following co nclu s i o n s  may be for mula te d
1. Except for the o c c u r r e n c e  of a s e conda ry  peak
in the freq ue ncy d e p e n d e n c e  of |t^l > the shift 
of f Q and the r e l a t i v e  invaria nce of Q and Af 
as the epoxy thic kness  is decreased, con firm 
the basic theory d i s c u s s e d  on pages 164-174.
2. The pulsed sound, i m mer si on method  used to
tune these plates gives reliab le i nfo rm ation
about the extent to w h i c h  the plates are tuned 
to each other. However, the co m p u t a t i o n  of 
the sound v e l o c i t y  in thin plates, as d e t e r ­
mined from the m e a s u r e d  h a lf -w ave resonant
Note 2. F u r t h e r  evidence, s u p p o r t i n g  the c o n t e n t i o n  that 
the seco ndary pe ak corr es p o n d s  w ith fq, was o b ­
tained by d e c r e a s i n g  the steel thickn ess  by 0.076 
mm. As would be expect ed, the fre quen cy  at which 
the seco ndary peak occurred, shifted to 140.6 
KHz .
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frequency, may lead to c o n s i de ra ble error - 
esp ec iall y at low frequencies. This error 
pro bably  results from the d i f f r a c t i o n  of 
the incident sound w a v e . ^
A l t h o u g h  the o c c u r r e n c e  of a s e c o n d a r y  m a x i m u m  
in the freque ncy r e s p o n s e  of "untun ed " plates 
remains un explai ne d, it serves as an a d ditio na l  
indicator of the de gree to which the plates  are 
tuned. Hence, w i t h  re ference to Fi g u r e  6-8, 
the plates are tuned whe n  the two peaks overlap
Two imp or tant co mp u t a t i o n s  may be made w i t h  the aid 
of re sp on se curve #2 in Fi g u r e  6-8. The m a x i m u m  gain 
I’-dlmax this steel- e p o x y  sy s t e m  can be d e t e r m i n e d  from 
the b a n d w i d t h  Af and from the fact that the g a i n - b a n d w i d t h  
product of "tuned " plates re main s rel at iv ely co ns t a n t  as 
the plates are made lossy (see T able  6-1). Hence, using 
e xp re ssion (6-9) and the m e a s u r e d  acoustic im pe d a n c e s  
Z a n d  Z 2 in dicated in T able 6-1, the maxi m u m  gain for 
this sy stem is
| I = | td |m a x ^ l o s s l e s s  (6-16)
max  (Af)lossy
- - 5.12
2.4 x 1 0 3
This v a l u e  shou ld be co mpared w i t h  30.63 w h i c h  is the 
ma ximum  t he or etical  gain for lo ssless st e e l - e p o x y  plates 
(see Ta ble 6-1) .
A s s u m i n g  that the a c o us ti c losses in steel are small 
compared to those in epoxy, e q u a t i o n  (6-12) may be used to
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calculate the at t e n u a t i o n  c o e f f i c i e n t  a.2 of the epoxy. 
Sub st itut in g the app ro priate values  obtained from Fi g u r e  
6-8 and T able 6-1, 0.2 = 2.72 n e p e r s / m e t e r  at 140 KHz.
Be ca u s e  of this rel ativ el y large attenu a t i o n 
coefficient, it woul d appear, from the d i sc us sion on 
page 157, that a higher gain can be achieve d w i t h  al umin-  
um-epoxy plates. In order to ex pl ore this poss ib ility, 
an a l u m i n u m - e p o x y  system was c o n s t r u c t e d  and tuned to 
140 KHz.
F ig ur e 6-9 shows the e x p e r i m e n t a l  and ideal ( loss­
less) fr e q u e n c y  d ep en dence of It^l of this system. P e r ­
forming a c a l c u l a t i o n  similar to that of the previ o u s  
system, one ob ta in s that |t{j|max = 8.28 and a£ = 1.89 
n e p e r s / m e t e r . Hence, compared to the s teel-e po xy system, 
a dramatic improve me nt in the gain has been achie v e d  by 
co nstru ct in g an inher ently low-Q system. Of course, 
this i m p r o v e m e n t  is only exp ec ted wh en using lossy 
m a t e r i a l s .
The app ar ent discrepan cy  in the value of the epoxy 
a ttenu at ion c oeffi ci ent ob taine d in this (ot2 = 1.89 nep./m) 
and the s t e e l - e p o x y  system (<*2 = 2.72 nep./m) is b e l i e v e d  
to be due to the ass um pt ion in equat io ns (6-11) and (6-12) 
that is small compared to I^- Since this a s s u m p t i o n  
is more a c c u r a t e  for aluminum than for steel, it is assumed
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G a i n , t
10
Lossless 
Q = 61.1
Af 2.29 KHz 
12 . 6d ' max
E x p e r i m e n t a l  
40
3.5 KHz 
8 .28
Af
d 1 max
q  ^ V -1_____1_____ 1____ 1_____1_____1_____1_____ 1-----1-----1-----1-----1-----1-----1— ►
135 140 145
Frequency, f KHz
Figure 6-9 F r e q u e n c y  response of a "tuned" aluminum - 
epoxy system
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that the a t t e n u a t i o n  coe ff icien t of the epoxy used is 
a p p r o x i m a t e l y  1.9 n e p e r s / m e t e r  at 140 KHz.
M e t a l - e p o x y  plates were also c o n s t r u c t e d  for higher 
fr equen ci es (0.9 - 1.0 MHz). In some re spe cts  these 
plates were easier to construc t since the deg assing of the 
epoxy during the ca st in g process was mo r e  complete. This 
also perm itted  the casting of the epoxy plate to nea rly 
the requir ed thi ckness  and therefore, it reduced the 
amount of g r i nd ing w h i c h  was later n e c e s s a r y  in order to 
tune the plates. On the other hand, since the d i m e n s i o n ­
al to lerance r e q u i r e m e n t s  at the hi g h e r  frequen ci es are 
ex pe ct ed to be m ore  critical, the plates  were entirely 
hand- gro und. (Low-f-requency plates w ere initially 
(coarse) ground w it h a surface grinder.)
The plates w e r e  tested wi th the same arr an g e m e n t  used 
for testing the l o w - f r e q u e n c y  plates (see Figures 6-4 and 
page 178) except for the followin g m o d i f i c a t i o n s
T r a n s d u c e r  - 1-1/2" di ameter, wa te r- backed ,
ceramic crystal ex cited directl y 
by the o s c i l l a t o r  (max. output at 
«  935 KHz)
R = 200 ohms, carbon type 
The pro c e d u r e  used to test the h i g h - f r e q u e n c y  plates was 
also mo difi ed  from that described  on page 173. Ra th er 
than a d ju st ing the p o s it io n of the trans d u c e r  in order to 
obtain a m a x i m u m  in the output signal, it was more
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ex p e d i e n t  to ch a n g e  the fre quency  of the sound wave. This 
is p o s s i b l e  b e c a u s e  the b a n d w i d t h  of the plates increases 
at hi gher f re quenci es  (see equation  (6-8)) wher e a s  the 
f r e q u e n c y  d i f f e r e n c e  b e t w e e n  ma xima in the output signal 
re mai ns a p p r o x i m a t e l y  equal to c/2D. In this manner, 
the frequ en cy  r e s p o n s e  could be sample d at a number of 
f r e q u e n c i e s  with o u t  d i s t u r b i n g  the g e o m e t r y  be tween 
m e a s u r e m e n t s .
A l t h o u g h  nine di f f e r e n t  h i g h - f r e q u e n c y  plates were 
tested, each c o n s i s t i n g  of a q u a r t e r - w a v e  plate of steel, 
brass or a l u m i n u m  and a qua r t e r - w a v e  p la te  of filled or 
u n f i l l e d  epoxy (see note 3), only the e x p e r i m e n t a l  results 
of u n f i l l e d  epoxy system s are shown in T able  6-5. This 
table lists the gain, Q and the a t t e n u a t i o n  co efficient 
(*2 compu te d from the e x p e r im en tal data of h i g h - f r e q u e n c y  
st eel-epox y, a l u m i n u m - e p o x y  and b r a s s - e p o x y  plates and 
shows the c o m p a r i s o n  w it h those values  c o m p u t e d  from the 
p r e v i o u s l y  d i s c u s s e d  lo w-f r e q u e n c y  plates.
In general, the same behav ior e x h i b i t e d  by the 
p r e v i o u s l y  d i s c u s s e d  l o w - f r e q u e n c y  plat es  was also
N ote  3. In order to mak e  the epoxy op aque to laser light, 
a number  of systems were c o n s t r u c t e d  with filled 
epoxy. Typi c a l  fillers we r e  1% to 2% of red dye 
and iron oxide. In each instance, very low gains 
w ere  obtained.
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TABLE 6-5 
P E R F O R M A N C E  C O MPAR IS ON BETW EEN 
HIGH AN D L O W - F R E Q U E N C Y  PLATES
lossles s e x p e r i m e n t a l
fo
KHz
1 *• d 1 max I d | max Q “ 2
nep/m
S t eel -e poxy 140 30. 63 5 .12 58 . 2 2.72
A l u m i n u m - e p o x y 140 12. 65 8 . 28 40.0 1.89
S t eel -e po xy 960 30.63 5 . 43 61 . 9 15 . 4
A l u m i n u m - e p o x y 916 12 . 65 9 . 50 48.2 9.89
B r a s s - e p o x y 961 28.90 7 . 00 71.2 13.3
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o b s er ved in the h i g h - f r e q u e n c y  plates. That is, the 
pu lsed sound immersio n t e c hn ique proved to be a re lia ble  
ind ic at or of the de gr ee to w h i c h  the plates wer e  tuned; 
and sound vel oc ity c o m p u t a t i o n s  made from pu lsed sound 
data were c o n s i s t e n t l y  hi gher than the va l u e s  obtain ed 
from the frequency r e s p o n s e  curves of " u nt uned" plates,
i.e. from the f r e quency at w h i c h  the sec o n d a r y  peak 
o c c u r r e d .
R e f e r r i n g  to Tabl e 6-5, it is noted that, w i t h  the 
same mater ials, c o n s i s t e n t l y  higher  gains wer e  obtained 
at the hi g h e r  frequencies. Since the d i a m e t e r  of the 
tr ans d u c e r  used to test the h i g h - f r e q u e n c y  plat es was 
a p p r o x i m a t e l y  24 w a v e l e n g t h s  (of sound in water) whereas 
that of the l o w - f r e q u e n c y  t r an sducer  was 5.3, it is 
r e a s o n a b l e  to assume that the apparent i n c rease in gain 
at hi gher frequencies is due to less d i f f r a c t i o n  of the 
incid ent  sound wave (see note 4). It is also no ted  that 
the hi ghest gain was o b t a i n e d  with an a l u m i n u m - e p o x y  
sy stem (9.5 at 916 KHz).
With reference to T a b l e  6-5 and the d i s c u s s i o n  on 
page 184, the a t t e n u a t i o n  coe ff icient  of the epoxy is
No te 4. This con c l u s i o n  is further su p p o r t e d  by data
obtained wh e n  D (in Figure 6-4) was reduced from
24.4 cm to 14.3 cm. For the h i g h - f r e q u e n c y  steel- 
epoxy plate in Table 6-5, Q d e c r e a s e d  from 61.9 
to 57.3.
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a p p r o x i m a t e l y  10 n e p e r s / m e t e r  at 916 KHz. This value
should be compa r e d  with 68 n e p e r s / m e t e r  at 910 KHz for
Epon a d h e s i v e  #946 (a similar material) as rep or ted by
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M cS i m i n  and Andreath. The d r a ma ti c reduction  of the 
acoustic losses of the epoxy (Epon resin 828 and Epon 
curing agent V-40; equal parts by weight) used in these 
exp er imen ts  is beli ev ed to be due prima ri ly to the proper 
de gassing of the mi xture du r i n g  the casting process as 
de scribed on page 165. In ci dental ly , different curing 
schedules or the reduction of in ter n a l  stresses wi t h i n 
the epoxy (accomplished  by h e a t i n g  the specimen beyo nd 
its heat d e f l e c t i o n  tempe ra ture and then reducing the 
tempe ra ture at a rate of 2°C per hour) did not appear to 
affect the a t t e n u a t i o n  coeff i c i e n t  to any obse r v a b l e  
e x t e n t .
Some experi m e n t s  were also co nducted in order to 
(qualitatively) d emonst ra te the thickness tolerance 
requireme nt  of m a te ri als 1 and 2. Using the h i g h - f r e ­
quency s t e e l - e p o x y  system w h o s e  Q = 61.9 as shown in 
Table 6-5, the exposed steel surface was coated wit h a 
pr ot e c t i v e  paint a p p r o x i m a t e l y  20 mi crons thick. The 
result of this acti on pro du ced no me as u r a b l e  cha nge in 
Q. However, w h e n  the exposed epoxy surface was pai nted  
si mil arly the Q of the overall sy s t e m  was reduced to 
less than 10.
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Finally, w i t h  refe rence to Ch apt er  5, an important 
ch a r a c t e r i s t i c  of m e t a l - e p o x y  pl ates is the angular 
sensitivity. In order to obtain some indic a t i o n  of this 
sensitivity, the inciden t angle of the sound wave in 
F i g u r e  6-4 was of f-set by a p p r o x i m a t e l y  5° from normal 
and the re lative fre quenc y d e p e n d e n c e  of |td | for the 
pr evi o u s l y  d e s c r i b e d  h i g h - f r e q u e n c y  s t e e l - e p o x y  plates 
was determined. As would be expected, the max im um v a l u e  
of the output si gnal obtained w i t h  the a rrang em ent shown 
in Figure 6-4 d e c r e a s e d  to about 0.4 of the value o b t a i n e d  
u nde r normal sound incidenc e and Q d e c r e a s e d  from 61.9 to 
34.3. By themse lve s, little m e a n i n g  can be attached to 
ei the r one of these m e a s u r e m e n t s  since the eliminati on  
of standing w a v e s  at no n-n o r m a l  inc i d e n c e  is expected to 
yi eld  a reduced output and the m e a n i n g  of Q at n o n - n o r m a l 
incide nce  is qu est i o n a b l e .  Nevert h e l e s s ,  this and other 
data, obtained by pu lsing the t r ansdu ce r (to el imi nat e 
st anding waves for both normal and n o n - n o r m a l  incidence), 
s ug gest that the output is d e c reased  to about 1/2 whe n 
the incident sound angle is off -set by a p p r o x i m a t e l y  5°.
In summary, it may be stated that simp le t r a n s ­
m i s s i o n - l i n e  theory predicts r e a s o n a b l y  w ell the p e r f o r m a n c e  
of actual, two q u a r t e r - w a v e  plates.
It has be e n  d e t e r m i n e d  that the m a x i m u m  di sp laceme nt
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a mp l i t u d e  tra n s m i s s i o n  coe ff icient  o b t a i n a b l e  wit h  metal- 
epoxy plates is limited by the acoustic losses wi t h i n  the 
epoxy and that, as a co nse quenc e, hi g h e r  gains can be 
ob taine d wit h systems ha v i n g  an i n h e r e n t l y  lower Q than 
wit h  inherent hig h-Q systems. (This is d e m o n s t r a t e d  in 
Table 6-5; as can be seen, a gain of 9.50 has be en ac hieved  
w i t h  a l u m i n u m - e p o x y  plates as co mpared to 5.43 wi t h  steel- 
epoxy plates.) For this reason, the i m p o r t a n c e  of p r o ­
perly e limin at ing all ga seous impu ri ties from the epoxy 
m i x t u r e  cannot be overemph as ized. With the p r ocedure  
de s c r i b e d  on page 165, epoxy plates have been co nstructed 
having an a t t e n u a t i o n  c o e f f icien t of a p p r o x i m a t e l y  1/6 of 
that reported for a simi lar material.
Finally, the e x p ected s e n s i t i v i t y  of the two-qu arter-  
wa v e  v e l o c i t y  tr a n s f o r m e r  to the angle of sound incidenc e 
has be en d e m o n s t r a t e d  quali tat ively.
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C h a p t e r  VII 
CO N C L US IONS AND R E C O M M E N D A T I O N S
The no vel " four -step  a c o u s t i c a l  h o l o g r a p h i c  imaging 
s y s t e m " , as propose d and d e s c r i b e d  in this d i s s e r t a t i o n  
(see C h a p t e r  V) consists of
1. The g e n e r a t i o n  of an a c oustica l h o l o g r a m  
and its t r a n s f e r e n c e  from one m e d i u m  (water) 
to an other (air)
2. The optica l r e c o r d i n g  of the a c o u s t i c a l  
in t e r f e r e n c e  pattern. In the p r o p o s e d 
method, the resu lt ant, convert ed  acous t i c a l 
h o l o g r a m  is o b t a i n e d  in two steps by using 
optical h o l o g r a p h i c  techniques.
3. The r e c o n s t r u c t i o n  of the c o n ve rted acous ti cal 
ho log ram
I m p l e m e n t a t i o n  of the s y s t e m  has been proved possible, and 
se ve r a l  m eans  for its i m p l e m e n t a t i o n  have been ana lyzed 
b oth  t h e o r e t i c a l l y  and exper im entally .
To this end, a st udy on the use of op ti c a l  h ol og raphic  
t e ch niques  to convert an a r b i t r a r y  ac ous tic image to a 
v i s i b l e  image (as req uired in #2 above) has been conducted. 
This has res ulted in the i n t r o d u c t i o n  and a n a lysis of the 
"h o l o g r a p h i c  sound image c o n v e r t e r ." This device  consists 
of the op tical "holographic in te r f e r o m e t e r "  and an 
a p p r o p r i a t e  "coupler" w h o s e  pr im ar y functio n is to t r a n s ­
fer the a c ousti ca l energy from a surface b o u n d e d  by water 
to a su rf a c e  bounded by air.
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A d v a n t a g e s  of this c o n v e r t e r  over other e x i s t i n g  
systems (as des c r i b e d  in C h a p t e r  II) are
1. its s i mplicit y
2. its ability to s i m u l t a n e o u s l y  detect a quantity
re lated to the v i b r a t i o n  am p l i t u d e  at each
and every point of the acou s t i c a l  d i f f r a c t i o n  
pattern
3. the sub sequent e l i m i n a t i o n  of the need for 
s canning
4. its frequen cy s e l e c t i v i t y
5. the ease with w h i c h  a m p l i f i c a t i o n  can be
ach ieved
6. the p o s s i b i l i t y  of us ing  " r ef er ence w av e 
s im ulation "
The first three adv an ta ges are g e ne ra lly c h a r a c t e r i s t i c  
of n o n - s c a n n e d  detec tors w h e r e a s  the latter three a d v a n ­
tages are u s u a l l y  as so c i a t e d  w ith scanned, linear detectors. 
The " h o l o g r a p h i c  converter" appears, therefore, to be the 
f i r s t - t o - d a t e  that exhibits the f a vo ra ble c h a r a c t e r i s t i c s 
of both sc anned and n o n - s c a n n e d  imaging systems.
The ab ove study has also yiel d e d  the new tec hnique  
of "sh ifted  ref e r e n c e  h o l o g r a p h i c  i n t e r f e r o m e t r y " (see 
Ch apter IV) w h i c h  is shown to permit  inc reasi ng  the 
s e n s i t i v i t y  of con vent ional, time- avera ged, op tical h o l o ­
graphic i n t e r f e r o m e t r y  by a p p r o x i m a t e l y  one order of
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m a g n i t u d e  (that is, from 330 A to 30 A). This technique 
is based on sh ift in g the f r e q u e n c y  of the optical r e f e r ­
ence w av e by an amount equal to the frequen cy  of the
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vi b r a t i n g  "object" (which is as su m e d  to be v i b r a t i n g  
si n u s o i d a l l y  at the f r equency  of the sound wave). E x p e r i ­
mental v e r i f i c a t i o n  of this t e chni qu e was p r o v i d e d  in 
co nne c t i o n  w it h a different study (as m e n t i o n e d  later).
Even if the motion of the object is not sinusoidal, 
the "s hif ted  refere nce h o l o g r a p h i c  int e r f e r o m e t e r "  may 
be used to investigate, u s u a l l y  w it h increased sensitivit y, 
the d i s p l a c e m e n t  amplit ude of every point of the object 's 
surface, p r o v i d e d  that a s u f f i c i e n t  amount of light r e ­
flected fr om the object e x p e r i e n c e s  a "Doppler shift" 
c ompar ab le to that of the ref e r e n c e  wave. However, since 
it is mor e difficult  to shift the frequ ency of the r e f ­
erence w a v e  by a small amount as oppose d to several m e g a ­
hertz (due to the n e ce ss ary f i lt er ing fo llo wing the 
ho mo dy ne process), the latter c o n s i d e r a t i o n  may limit 
this a p p l i c a t i o n  of the "sh ifted refere nce h o l o g r a p h i c  
i nt e r f e r o m e t e r "  to the study of " f a s t - a c c e l e r a t i n g "  
objects.
H o l o g r a p h i c  techniques were also ap pli ed to the 
m e a s u re ment of acoustic p a r a m e t e r s  and sev eral ways of 
i m p l e me nting this r e la ti vely new ap p l i c a t i o n  w ere p r o ­
posed and invest igated (see Ch ap t e r  III). By phase 
m o d u l a t i n g  the optical "object" w av e with an ac ous tic 
wave w h o s e  pr o p a g a t i o n  ve c t o r  is normal to that of the
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"object" wave, it was shown that a "si de -v iew" of that 
sound w a v e  can be obtained. U nder certain c ondit io ns, the 
d i s t r i b u t i o n  of irradi anc e w i t h i n  the r e c o n s t r u c t e d  image 
may then be used to de t e r m i n e  the R a m a n - N a t h  p a r a m e t e r  of 
the sound wave. In a number of exp eriments, the a d v a n ­
tages of this a p p l i ca ti on of h o l o g r a p h y  in the field of 
ul t r a s o n i c s  w e r e  demo n s t r a t e d  and discussed. In particular, 
a theor e t i c a l  relati on  compar in g this method to the well 
known S c h l i e r e n  method was d e v e l o p e d  and e x p e r i m e n t a l l y  
verif i e d .
The re su lt s of this e x p e r i m e n t a t i o n  also included 
an e x p e r i m e n t a l  v e r i f i c a t i o n  of the shifted r e f e r e n c e  
ho l o g r a p h i c  technique w h i c h  was desc ribed  pr eviously.
A t h e o r e t i c a l  and e x p e r i m e n t a l  study of some 
possible couplers  was also con d u c t e d  in some detail.
Each of the cou plers c o n s i d e r e d  pr oved ca pable of 
au gm e n t i n g  the dis pl acement  a m p l i t u d e  of the a c o u s t i c a l  
di f f r a c t i o n  patt e r n  as it is trans fe rred from a su rf a c e  
bounded by w at er  to a surfac e bo un d e d  by air. The 
couplers p r o p o s e d  and i n v e s t i g a t e d  range from a simple, 
specific aco us tic impedance tr a n s f o r m e r  (with or wi th o u t  
control of the acoustic i m p e d a n c e  of the term in ating 
medium) to a mosaic  of v e l o c i t y  am plifiers w h e r e  each 
cell con sists of a re ceiving crystal, follow ed by
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a pp ro priate  e l ectr on ic circ uitry  and a transmitt ing 
t r a n s d u c e r .
A p a r t i c u l a r l y  detailed study was conducted on the 
de vel opment and testing of a m e c h a n i c a l  vel oc ity t r a n s - 
former c o n s i s t i n g  of two re son an t q u a r t er- wa ve plates.
To this end, the theoretical re l a t i o n s  desc ribing  the 
behavior of a s y s t e m  of two lossy, ne ar ly q u a r t e r - w a v e  
plates w er e d e velope d (Chapter VI and App endix I). As 
discussed later, this study r e s ulte d in a practical, 
working s y s t e m  - a r ea li zation w h i c h  is due, in part, 
to the nov el  use of epoxy as one of the resonant m a t e r ­
ials.
In the co urse of this e x p e r i m e n t a t i o n ,  a us eful 
method for "tuning" q u a r t er -wave m e t a l - e p o x y  pl ates  
was devised. As descri bed in C h a p t e r  VI, coarse "tuning" 
was a c c o m p l i s h e d  with  a pulsed sound, (water) i m me rs ion 
technique, w h e r e a s  final "tuning" was achieved by m o n i t o r ­
ing the fre q u e n c y  de pendence of the d i s p l acem en t a m p l i t u d e 
transmiss io n coeff icient of the over all system. An e x a m ­
ination of exp e r i m e n t a l  "tuning" data obtained by the 
latter m e t h o d  shows that
1. This method appears to be a pro mi si ng tool 
for the accurate m e a s u r e m e n t  of the speed 
of sound in either reso na nt plate. This 
m e a s u r i n g  technique may be especi ally 
us eful at lower f r e q u e n c i e s  where d i f f r a c ­
tion effects can a d v e r s e l y  affect the 
a c c ur ac y of other methods.
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2. This technique ma y  be used to d e t e r m i n e  the 
at t e n u a t i o n  c o e f f i c i e n t  of epoxy.
E x p e r i m e n t a l  v e r i f i c a t i o n  of the t heoreti ca l r e l a ­
tions d e s c r i b i n g  the behavior of m e t a l - e p o x y  plates (as 
developed in this disse rtati on ) was provided (see Ch ap te r  
VI). In part ic u l a r ,  a v e l o c i t y  a u g m e nt at ion of 9.5 at 
916 KHz was a c h ieved  with a l u m i n u m - e p o x y  plates (loaded 
with water and air, respectively). The resultant gain 
(19.6 dB) across the w a t e r / a i r  interface r e presen ts  a 
significan t impro vemen t over the gains reported at 
c o n s i dera bl y lower frequencies. Hi ghe r gains, ex pe cted 
with s t e e l - e p o x y  or b r a s s - e p o x y  plates, were not realized 
primarily b e c a u s e  of the large ac ous ti c losses w i t h i n  the 
e p o x y .
The th e o r e t i c a l  and e x p e r i m e n t a l  in ves t i g a t i o n  of 
other (than holog rap hic) i n t e r f e r o m e t r i c  method s (see 
Chapter IV), yiel d e d  a new a p p l i c a t i o n  of the laser f e e d ­
back i n t e r f e r o m e t e r  to the d e t e c t i o n  and m e a s u r e m e n t  of 
small (fractions of a wavel en gth) v i brat io n a mplit ud es. It 
was a n a l y t i c a l l y  shown and e x p e r i m e n t a l l y  ver if i e d  that, 
under ce rt ain conditions, the laser feedback and the 
Mi c h e l s o n  in te r f e r o m e t e r s  can yield similar results.
As a result of the v a r i o u s  studies desc ri bed above, 
a "h o l o g ra phic sound image c o n v e r t e r " having a th res hol d
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intensity of 2.8 m w / c m  at 1 MHz appe ars feasible. Such 
a converter w o u l d  be co mpr ised of the "shifted r e f e r e n c e
O
ho l o g ra phic i n t e r f e r o m e t e r "  ha v i n g  a sensit i v i t y  of 30 A 
and the a l u m i n u m - e p o x y , two q u a r t e r - w a v e  coupler (loaded 
wi t h  water and air) having an a d v a n t a g e  of 9.5.
E x p e r i m e n t a l  data has shown that, wi th the a c o u s t i c a l  
arr an geme nt  i l l u s tr ated in Fi g u r e  6-4, the exposed epoxy 
surface e x p e r i e n c e s  a total d e f o r m a t i o n  co nsisting of 
the fol lowing com po ne nts
1. A large, static d i s p l a c e m e n t  (detected and 
m e a s u r e d  with c o n v en tional , "double e x po su re" 
h o l o g r a p h i c  techniques)
2. A r e l a t i v e l y  large, s p a t i a l l y  random, s l o w ­
time va ry i n g  d e f o r m a t i o n  (detected wit h  
co n v e n t i o n a l  " t i m e - a v e r a g e d "  holog r a p h i c  
te ch n i q u e s  and the laser fe edback inter-
f e r o m e t e r )
3. A small, sp atially varying, h i g h - f r e q u e n c y  
de fo rm ation,  o c c u r r i n g  at the sound fr e q u e n c y  
(detected and m e a s u r e d  wi th the laser f e e d ­
back int erfero me ter)
The static d e f o r m a t i o n  is due to the radiati on 
pressure and, as de ter m i n e d  ex pe r i m e n t a l l y ,  is simi lar 
to that w h i c h  woul d result from a c o n c e ntrat ed  force 
exerted on the meta l plate at the sound beam axis. The 
radiation p r e s s u r e  as well as the for m a t i o n  of s t a nd in g  
waves w i t h i n  the w ater  med iu m is also believed to be 
r es po nsible  for the second component. Hence, any small 
change of the sound frequency or of the transducer p o s i t i o n
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re l a t i v e  to that of the plates, can result  in a slow time 
v a r i a t i o n  of the r a d i a t i o n  pressure, and co nse quent ly, 
of the d e f o r m a t i o n  of the epoxy surface. Be cau se  this 
com po ne nt can be c o n s i d e r a b l y  larger than the desired, 
h i g h - f r e q u e n c y  v i b r a t i o n a l  amplitudes, the " h o l o gr ap hic 
conv er ter" should be used with  pulsed sound (and light). 
This would eli mi nate the formati on  of s t a n d i n g  waves. 
A n o t h e r  p o s s i b i l i t y  for p r e v e n t i n g  s t a nding w aves in this 
system is to im prove the m atc h of w a t e r  to air by c o n t r o l l ­
ing the acoustic i m p ed an ce of the t e r m i n a t i n g  me d i u m  (see 
Ch ap te r VI).
The various studies conducted and d e s c r i b e d  in this 
di s s e r t a t i o n  have res ulted in a number of r e c o m m e n d a t i o n s  
pe r t a i n i n g  to fu rther work.
a. With r e f e r e n c e  to the "shif ted reference
optical ho l o g r a p h i c  i n t e r f e r o m e t e r "  it wo uld 
be use fu l to e x p e r i m e n t a l l y  d e t e r m i n e  what is 
the m i n i m u m  v i b r a t i o n a l  a m p l i t u d e  that can be 
detec t e d  wi t h  this instrument. Besides p r o ­
viding a fu rt her d e m o n s t r a t i o n  of the shifted 
r e f e r e n c e  technique, such an expe ri ment would 
permit the d e t e r m i n a t i o n  of the practical  
s e n s i t i v i t y  of this int e r f e r o m e t e r ,  and t h e r e ­
fore, of the "ho logra ph ic aco us t i c  image 
converter". The a r r a n g e m e n t  of such an e x p e r i ­
ment could make  use of a si n g l e  tra nsducer 
mo u n t e d  in the wall of a w ater tank. In this 
manner, the sound wave g e n erate d in the water 
m e d i u m  may be used to shift the optical 
fr e que nc y of the r e f er en ce w av e and a h o l o g r a m  
can be rec or ded of the other trans ducer face 
w hi ch  is b o u n d e d  by air. A sui ta ble sound 
fr e q u e n c y  can be 2-3 MHz. This choice insures
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su ff icie nt  s e p a r a t i o n  of the s p e c t r a l  orders, 
as well as s u f f i c i e n t l y  large v i b r a t i o n a l  
a mplit ud es (for r e a s o n a b l e  a c o u s t i c  i n t e n ­
sities) of the tran sd ucer face.
b. The e x p e r i m e n t a l  results of C h a p t e r  VI 
indicate that a furth er incre as e of the d i s ­
placement a m p l i t u d e  t r a n s m i s s i o n  coe ff icien t 
is p r i m a r i l y  limit ed by the aco ustic losses 
of the p late w h i c h  is bo unded by air, i.e. 
the epoxy. It w o u l d  seem, therefore, that
a study of the loss m e c h a n i s m  of epoxy or 
of any other s u i t a b l e  ma te rial and the s u b ­
sequent r e d u c t i o n  of its a t t e n u a t i o n  c o e f f i ­
cient, could greatl y increase the gain of 
two q u a r t e r - w a v e  plates. For the purp o s e  of 
such an in v e s t i g a t i o n ,  the a t t e n u a t i o n  
c oe ff icient  of the mat erial could be c o n v e n ­
iently d e t e r m i n e d  using the pu lse d sound 
immersion me t h o d  d e s cri be d in A p p e n d i x  II.
c. There are also indi ca t i o n s  w h i c h  suggest 
that a four layer, resonant sy s t e m  c o n s i s t ­
ing of a l t e r n a t i n g  alu mi num and epoxy quarter- 
w ave  plates can have, in practic e, a higher 
gain than that obt ained with the two quarter- 
wa v e  plates d i s c u s s e d  in C h a p t e r  VI. Since 
this s t r u c t u r e  may be thought of as two 
a l u m i n u m - e p o x y  sy ste ms in series, it is 
expected that the frequ ency d e p e n d e n c e  of the 
t r a n s m i s s i o n  c oef fi cient of the over all 
system wi ll be h a v e  in a ma nn er similar to 
that of lumped cas caded tuned fi lter systems 
(single tuned, d o u b l e  tuned, st agger tuned, 
etc.). The e x p e r i m e n t a l  p o r t i o n  of such a 
study could also include a me ans for c o n t r o l l ­
ing the a c o u s t i c  imp ed ance Za of the t e r m i n ­
ating m e d i u m  (by increas ing or de cr e a s i n g
the air p r e s s u r e  from ambient) in order to 
achieve a total match.
d. The pr eviou s r e c o m m e n d a t i o n s  refer to the 
h o l o g r a p h i c  c o n v e r t e r  using a q u a r t e r - w a v e  
coupler. E v iden tl y, as di s c u s s e d  in Chapter 
V, more s o p h i s t i c a t e d  couplers also appear 
quite feasible. Of these, the v e l o c i t y  
am pli fier shown in Figure 5-6 or va ri a t i o n s  
thereof, seem  to be the most promisin g. With 
the use of m o d e r n  integr ated circuits, this 
coupler can be rel a t i v e l y  compact, and when
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further used w i t h  the h o l o g r a p h i c  detector, 
the res ul ting image con verter offers all 
of the a d v a n t a g e s  stated on page 194; i n ­
cluding an improve d r eso lu tion capability.
In addition, the extreme m e c h a n i c a l  s t a b i ­
lity that is r e q uired during the r e cor di ng 
of the hologr am, pr esen ts  no p a r t i c u l a r  
d i f f i c u l t y  with this co nverter si nce  the 
r ec eiving tr an sd u c e r s  are m e c h a n i c a l l y  
isolated from the t r a n smittin g crystals.
The res u l t a n t  system might also 
in corp o r a t e  some form of fr e q u e n c y  c o n ­
version; that is, the tra n s m i t t i n g  t r a n s ­
ducer may be ma d e  to vi brate at a lower 
fr eq uenc y than the rece iv ing transducer.
As dis cusse d in Ch ap t e r  V, such a t e c h ­
nique could result in an inc rea se d s e n ­
sitivi ty of the ov er al l image converter.
e. It should also be noted that, if the 
fr equency and the v i b r a t i o n  a m p l i t u d e 
of the t r a n s m i t t i n g  tr ansducers in Figu re  
5-6 are s u f f i c i e n t l y  large, the acous ti c 
image may be formed di rectly (without 
using the " h o l o g r a p h i c  int erfero meter" ) 
by an a p p r o p r i a t e  Schlieren method. The 
opt ical a r r a n g e m e n t  may be si mi lar to 
that used in the surface l e v i t a t i o n  
system, that is, the (polished) surfac e 
of the t r a n s m i t t i n g  tr ansducers is used 
to phase m o d u l a t e  a coherent optica l 
w ave  (see C h a p t e r  III). The obv ious 
adva nt age of this techni que is that it 
allows re a l - t i m e  acoustic  imaging.
The gen eral a p p l i c a t i o n s  and a dvantag es  of acoustic 
h o l o g r a p h y  ha ve alr eady be en w i d e l y  (and someti mes 
o p t i m i s t i c a l l y )  dis c u s s e d  in the literature. N o n - d e s ­
tructive testing, s h o r t - r a n g e  un de r w a t e r  ima ging and 
me di c a l  dia gn osis are some areas where the a p p l i c a t i o n  of 
acoustic  h o l o g r a p h y  can afford distin ct a d v a n t a g e s  over 
p res ent im aging  methods. T he se adv ant ag es are often a
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result of the incr eased i n f o r m a t i o n  that can be o b t a i n e d  
about an object (e.g. impr oved images can also be o b t ai ne d  
through turbid media). A l t h o u g h  the image of a near object 
is u s u a l l y  dis t o r t e d  (depth d i m e n s i o n  is ma gnif i e d ) ,  useful 
depth i n f o r m a t i o n  can be de duced by focusing on d i f f e r e n t  
planes of the object. D ept h inform a t i o n  can also be 
obtained about distant ob jects by rec ordi ng  two, sepa ra te 
converted ac oustic hologra ms  - each showing, up o n  r e c o n ­
struction, a sl igh t l y  d i f fe re nt vi e w  of the same object.
In this manner, a ste r e o s c o p i c  image of the object can 
be formed.
It is expecte d that the pro posed four-step ac ous tic 
h o l o g r a p h i c  imaging system can be su ccessfu ll y e m p loyed 
in these a p p l ica ti ons, but result in a simpler more 
r eli able device. The final image is expected to be of 
a qu ality equal or superior to that afforded by pr esent  
acoustic h o l o g r a p h i c  imaging systems.
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A p p e n d i x  I 
T HE OR Y OF M U L T I L A Y E R  FILMS 
F O R  L O N G I T U D I N A L  A C O U S T I C  WAVES
Consi der  the p r o p a g a t i o n  of a p lane sound wave 
thr ough three d i f f e r e n t  media under the con dition  of 
n o r m a l  incidence. A s s u m e  that the ini tial wave is 
prop ag at ing in m e d i u m  "w" in the p o s i t i v e  x direction, 
that the b o u n d a r y  b e t w e e n  media "w" and " 1 " is located 
at x = 0 , and that the b o u ndary b e t w e e n  m e d i a  " 1 " and "a" 
is located at x=d as shown in F i g u r e  1-1. Assume  further 
that me diu m "a" extend s to infinity.
Due to the t r a n s m i s s i o n  and r e f l e c t i o n  of sound at 
each boundary, a wave p r o p a ga ti ng in the positive and 
ne g ati ve  x d i r e c t i o n s  will result in each me d i u m  except 
. „ m e d i u m  "a" w h i c h  will only contain a tra ns mitted  wave 
(see Figure 1-1). Und er  steady state conditions, the
p r e ssure of each of these waves ma y  be r epresen te d as
48 
f ollows
P w  = Pw exp [i(ftt - kw x ) ]
i '
pw = Pw exp [i(fit + kw x ) ]
pi = Pi exp [i(ftt - k i x ) ] (1 - 1 )
i '
p^ = Pi exp [i (fit + k ^ x ) ]
Pa = p a e x P - ka (x - d x)]}
z
w
Figur e I-
d0
1 The p r o p a g a t i o n  of a sound wav e  through 
three dif f e r e n t  media (normal incidence)
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w h e r e
P is the r e s p e c t i v e  co mp le x a m pl it ude of the 
pr essure of w av es  trave l l i n g  in the p o s it ive 
x d i r e c t i o n
P' is the resp e c t i v e  comp l e x  am p l i t u d e  of the 
pr es su re of wa ves t ra ve lling in the neg at ive 
x di r e c t i o n
k is the m a g n i t u d e  of the p r o p a g a t i o n  vecto r 
in each r e s p e c t i v e  medium; in at t e n u a t i n g  media, 
this q u a n t i t y  is comple x
SI = ang u l a r  f r eq ue ncy of the incident sound wa ve 
d^= th ickness of me d i u m  "l" 
t = time
The boundar y cond i t i o n s  requ i r e  that both the 
p r e s s u r e  and the v e l o c i t y  be continuous . Since the 
v e l o c i t y  11 can be e x p re ssed in terms of the p r e ss ure p 
and the c h a r a c t e r i s t i c  impe dance Z in the following
48
ma n n e r
u = +p/Z for waves p r o p a g a t i n g  in the p o s i t i v e  
x d i r ectio n
u'= -p'/Z for waves p r o p a g a t i n g  in the n e g a t i v e  
x dire ct ion
the b o u nd ary c o n d i t i o n s  at x = 0 yield
p r e s s u r e  continuous
P P
(1-2)
w w v e l o c i t y  continuous
Zw Zw
w h i l e  the b o u ndary  cond i t i o n s  at x = d^ yield
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P ^expC -i y^) + Pqe xpCiyi) = P a p r e s s u r e  con tin uo us
(1-3)
Pi P^ p
— exp(-iyi) - —— exp(iyi) = — — v e l o c i t y  c o nti nu ou s
1 Z 1 z a
w h e r e  yi = kidi (in general, a co mpl ex quantity) and 
w h e r e  Zw , Zi and Za are the c h a r a c t e r i s t i c  impedance s 
of m e d i a  " w " , " 1 " and "a", respect iv ely.
t
Solving s i m u l t a n e o u s l y  for Pi and Pi from the 
e x p r e s s i o n s  (1-3) yields
P x = (Za + Z i ) / ( 2 Z a ) P a exp( + i y i )
(1-4)
P 1 = (za " z i ) / ( 2 Z a ) P a exp(-iyi)
S u b s t i t u t i n g  (1-4) into (1-2) and using the fo llo win g d e f i ­
nitions,
rp = P^ / P w = p r e s s u r e  r e f l e c t i o n  coe ff icient 
tp = Pa /Pw = p r e s s u r e  t r a n s m i s s i o n  coeffi ci ent
the re l a t i o n s  of (1 - 2 ) be c o m e
2
1 + rp = (CosY ^  + i— SinY]_) tp (1-5)
a
4 - % + 1z7slnTi) 'p (I-6)
These two relat io ns may also be e x p re ssed in ma tri x form 
in the f o l lo wi ng way
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1 1
H - [  - ]
1
1/ZW - l / z w
+
1 / Z a
(1-7)
w here the transfer ma t r i x  M 2 of m e d i u m  " 1 " is
CosY-l 
( i / Z ! ) S iny ]_
iZ ^  S iny^
(1-8)
C os y^
R e f e r r i n g  to Figure 1-1, if media "w" and "a" are 
separa ted  by more than one layer, for i n s ta nce N layers, 
then each layer may be d e s c r i b e d  by a un i q u e  transfer 
matri x of the form (1-8). Fu rthermo re , w i t h  an analysis 
similar to that des cr ibed on the prec eding pages, one can 
obtain an e q u a t i o n  of the form (1-7), w he re  M 2 is replaced 
by the overall, equivalent transfer  ma t r i x  M e q. This 
equiv ale nt tr ans fer ma t r i x  is the product of all the 
in dividual tra ns fer ma ti ces M 2 > M 2 , M 3 ... M N , i.e.
mis sion and re fl e c t i o n  c o e f f i c i e n t s  of the over all 
syste m can be determired. Wi th refere nc e to equati ons  
(1-5) and (1-6), s i m u l t a n e o u s l y  solving for rp and tp 
yields
m i m2
(1-9)
Once M e q has been d eterm in ed, the p r e s s u r e  trans-
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r = m lz a + m 2 ~ m 3zw z a ~ m 4 zw (1-10)
P m ^ Z a + m 2 + m 3Zw Z a + m 4 Zw
_______________ 2Z^_____________
tP m 1 Z a + m 2 + m 3 Zw Z a + m 4Zw ^  1;L^
w h e r e  , m 2 , m 3 and m 4 are the elemen ts  of the e q u i v a l ­
ent m a t r i x  as defined in relation (1-9).
Other re fle c t i o n  and tran s m i s s i o n  coe ff icients  may 
be d e t e r m i n e d  from rp and tp. Hence, r e m e m b e r i n g  the 
e x p r e s s i o n s  for the v e l o c i t y  u on page 206, the various 
c o e f f i c i e n t s  are
for velocity
ru = - rP
for d i s p l a c e m e n t
r d = - r P r u fcd (zw / z a)*-p = fcu
for power
rpower “ IrpI tpower “ (Zw / Z a ^ l tpi
(A point wo rth noting is that all of these r eflect io n and 
t r a n s m i s s i o n  c o e f f i c i e n t s  are define d with respect to the 
incident wave at x =0 - not the total, res ultant  wave!)
Wh e n  the layers are lossy, as is ge n e r a l l y  the 
case, the phase an gle  Y is complex and may be expressed 
as
Y = kd = Kd - iad
wher e
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K = ZTTf/c = 2TT/A
c = speed of sound in the p a r t i c u l a r  me di um 
A = w a v e l e n g t h  of sound in the layer 
a = a t t e n u a t i o n  coeffi ci ent of the layer 
d = th ick ness of the layer 
If, on the other hand, the i n t e r v e n i n g  layers are lossless, 
then Y is real and the elements of the eq uiv alent  tra nsfer 
ma t r i x  are rela t e d  in such a way that m^n^ - m 2m 3 = 1 .
As an ex ample  of the a p p l i c a t i o n  of this theory, 
consider the two layer system shown in Figure  1-2. If Z^ 
and Z 2 » and Yj_ and Y 2 are the r e s p e c t i v e  c h a r a c t e r i s t i c  
impedances and ph ase angles of the two int er vening media, 
then the e qui va lent transfer m a t r i x  for the overall sy s t e m  
is
M -H H - [(i CosYi iZj_SinYi‘ Sinyi)/Zi Cosyi Cos Y 2 i Z 2 S i n Y 2' (i Si nY2)/z 2 CosY2
Z-,
( C o s Y i C o s Y 2 — 7 ~ s inYlS i n Y 2 ) i ( Z 2C o s Y l S i n Y 2 + z l s i n Y l C o s Y2)
i / s i n Y xS ^CosY2+CosYiSinY2) (
(1-12)
Z 2 \ 
C 0 S Y 1C 0 S Y 2 “ Y l  S i n Y l S i n Y 2j
Co mp aring the above rela tion w i t h  (1-9) and using e q u a t i o n  
(1-10) in c o n j u n c t i o n  with t^ = (Zw /Za )tp, the d i s p l a c e ­
ment am pli tud e tr a n s m i s s i o n  c o e f f i c i e n t  t<j is
Fi gure 1-2 Sound transmi ss ion from m e d i u m  "w" to m e d i u m  
"a" through two i n t e r v e n i n g  layers
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td = 2ZW |^ (A Cos Yd C o s Y 2 - B SinYi S l n Y 2 )
+ i (C C o s Y d SinY2 + D SinYl CosY2)
(1-13)
wher e
A - Z a + Zw 
B = Z 1Z a / Z 2 + ZW Z 2 /2 x 
C = Z 2 d" Z a Zw /Z 2 
D = Z d + Z a Zw / Z 1
This expre s s i o n  is further ana ly zed in Chapt er VI for the 
case when the i n t e r v e n i n g  media " 1 " and " 2 " are lossy 
and nearly a q u a r t e r - w a v e  thick.
If, on the other hand, the layers are lossless and 
exactly a q u a r t e r - w a v e  thick, then (1-13) reduces to
since Yi = Y 2 = 11 / 2 .
Anoth er in t e r e s t i n g  pa r a m e t e r  of a system such as 
that shown in Fi gu re 1-2 is its m e c h a n i c a l  adva nt age M A . 
For the m u l t i l a y e r  sy st em dis c u s s e d  in this appendix, the 
me cha n i c a l  a d v a n t a g e  may be defined, i r r e s pe ct ive of the 
nu mbe r of layers, in the f o llowing  way (see Figure 1-2)
td = (-2Z1Z 2 Zw ) / ( Z a Z i 2 + ZW Z 2 2 ) (1-14)
total amplitude of the v e l o c i t y  at plane ®  
total a m p l i t u d e  of the v e l o c i t y  at plane Q
MA
P a /Za' a
R e m e m b e r i n g  the d e f i n it io ns of the r e f l e c t i o n  and trans-
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m i s s i o n  co ef ficient s on pages 207 and 209, M A  may be 
ex p res se d in terms of these coeffi ci ents
MA  = Zw
td tU
za (1 “ r p ) 1 + rd 1 + ru
(1-16)
or directl y in terms of the elements of the equivalent 
tr an sf er matrix
MA = 1 / (m3Z a + m^) (1-17)
w h e r e  relations (1 - 1 0 ) and (1- 1 1 ) h ave been used.
Hence, for the two, lossless q u a r t e r - w a v e  plates 
d i scus se d on page 2 1 2 , the m e c h a n i c a l  adv a n t a g e  is Z -^ 7 Z 2 •
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Appendix II
A LI QUID IMMERSION, PULSED SOUND T E C H N I Q U E  FOR M E A S U R I N G  
THE SPEED OF SOUND IN THIN PLATES
The de sign and tuning of the q u a r t e r - w a v e  resona nt 
p lat es disc us sed in Ch ap t e r  VI re qu ir e a kn o w l e d g e  of the 
speed of sound in thin plates; or mor e precisely,  their 
q u a r t e r - w a v e  resona nt  frequency.
A simple and rela t i v e l y  ac cur a t e  m e t h o d  for m e a s u r i n g  
the speed of sound in thin plates is the liquid imme rs ion 
t ec h n i q u e  shown in Fi g u r e  II-l. R e f e r r i n g  to this figure, 
a gated, s i nu so idal v o l t a g e  wh ose  f r e q u e n c y  can be 
co ntrolled,  is a p p l i e d  to a p i e z o e l e c t r i c  crystal and 
m o n i t o r e d  with an osc illoscope. If norm al  incidence is 
observed, the v o l t a g e  patt ern on the CRT wi ll show the 
in iti al sound pu lse and its echoes which, for the g e o m ­
etry indicated (d + X 2 < x ^ ) , arrive in the following 
s e q ue nce
1. P uls e r e f le ct ed from the front surface of 
the pl ate - this pulse has travelled a 
d i s ta nc e equal to 2xi
2. Pu lse  transm it ted through the plate, almost 
totall y refl ec ted from the tank wall, and 
tr ansm i t t e d  a second time through the plate - 
this pu lse has travelled a total distance 
equal to 2 (xi + d + X 2 )
3. F u r t h e r  echoes - exactly w h i c h  echo arrives 
d ep ends on the r e l a t ionsh ip  bet w e e n  x i , d 
and X 2
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Tr a n s d u c e r Plate under test
Tank
Sound —  
ab s orb er
Air
Water
Var ia bl e
fre qu en cy
o s cill at or
Linear
gate
O s c i l l o s c o p e
F r e q u e n c y
count e r
Fi g u r e  II-l The pulsed sound, i m m e r s i o n  technique for
d e t e r m i n i n g  the h a l f - w a v e  resona nt f r eq uency  
of thin plates
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A s s u m i n g  that the d u r a t i o n  of each pulse is s u f f icientl y
long to es tablish stea d y - s t a t e  c o n d i t i o n s  wi thin the
»
plate, the freq uency fQ at which, s i m ultane ou sly, the 
reflecte d pulse is a m i n i m u m  and the t rans mi tted pulse 
is a ma xi m u m  indicate s that the p late is in resonanc e 
and that its thick ness d is an integer m u l t i p l e  of A / 2  
w h e r e  A is the w a v e l e n g t h  of sound in the material.
In order to obtain sa ti s f a c t o r y  results with this 
method, it is req ui r e d  that, with r e f e r e n c e  to Figure 
II-l
1. The b a n d w i d t h  of the t r a n s d u c e r  be large - 
This is de s i r a b l e  in order to obtain a 
smooth response, m i n i m i z e  "ringing" of the 
crystal and reduce the number  of crystals 
req ui re d to span a given f r equ en cy band. 
Wa te r - b a c k e d ,  ceramic cr ys tals were found 
to be adequ a t e  to m e a s u r e  the hal f- wave 
resonant frequenc y of both m et al and
plas tic p l a t e s .
2. The p u l s e w i d t h  be s u f f i c i e n t l y  long to 
es ta blish s t e a d y-stat e co nd i t i o n s  wi thin  
the plate under test - The actual width 
depends, of course, on the thickn ess of 
the plate and the geometry.
3. The gate have low le akage  to prevent 
in t e r f e r e n c e  between the le aka ge signal 
and the vari o u s  echoes - A s h u n t-s er ies-  
shunt tra ns is tor "chopper", driven  by
a v a r i a b l e  pul sewidth, b l o c k i n g  o s c i l l a ­
tor has given s a t i s fac to ry performance.
Figure II-2 shows various o s c i l l o g r a m s  obtained as 
per Figure  1-1 for re sonant and n o n - r e s o n a n t  steel and 
hi g h - i m p a c t  p o l y s t y r e n e  plates. W it h ref e r e n c e  to this
2 1 7
c , f = 2.056 MHz f = 2.131 MHz
F ig ur e II-2 O s c i l l o g r a m  obtained as per Figure II-l for 
steel (a, b and c) and p o l y s t y r e n e  ( a T , b 1 
and c ’) plates (see text)
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figure, i l l u s t r a t i o n s  "a", "b" and "c" represent the 
sound puls es o b t ai ne d for a steel plate (0.059" thick). 
Each pi ctur e shows the initial (0), reflected (1) and 
transmitted (2) sound pulses as d i scussed  on page II-l.
As can be seen, b e l o w  re s o n a n c e  (part "a" - 1.886 MHz), 
most of the energy is r e f lect ed  wherea s, at r e s o n a n c e 
(part "b" - 1.980 MHz), v i r t u a l l y  all of the sound energy 
is tr ansmi tt ed through the plate. Also visible in this 
image are the initia l (la) and final (lb) t ransi en ts - 
each of a p p r o x i m a t e l y  10 m i c r o s e c o n d  duration. Hence, 
a p p r o x i m a t e l y  20 cycles are r e q u i r e d  to e s ta bl ish steady- 
state con d i t i o n s  in this plate. Finally, above re s o n a n c e  
(part "c" - 2.056 MHz), most of the incident en e r g y  is 
again reflected.
Be cause  the acoustic i m p e d a n c e  of high-im pa ct 
p o l y s tyre ne  and other pl astic s is compa rab le to that of 
water, the r e f l e c t i o n  coeffi c i e n t  is generally small and 
the b a n d w i d t h  is r e lativel y large. Hence, w hen  using 
the pulsed sound immersion t e c h n i q u e  to evaluate pl astic 
plates, it is expedien t to o b s e r v e  a series of echoes 
rather than the first two. Parts a', b' and c 1 of 
Figure II-2 show the resulting osc illog ra ms o b t a i n e d  
with this t e c h n i q u e  for a 0.0215" thick, high-i m p a c t  
po lyst y r e n e  plate. The echoes in image a' (1.855 MHz) 
may be read i l y  identified w i t h  the aid of Figure  II-l.
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H e n c e ,
Echo Total distan ce tra vell ed
0 initial pulse
1
4
5
2
3
2 (x^ + d + X 2 ) 
2 (xi + d + 2x£) 
2 (2x^ + d + x 2 ) 
4(x^ + d + X 2 )
Ha lf-wave res o n a n c e  is indica te d in part b' (fQ = 1.985 
MHz). It will be noted that for this condition, a s i m ­
ultaneous null occurs in all those echoes w h i c h  have 
reflected at least once from either surface of the plate. 
Above r e s o n a n c e  (part c 1 - 2.131 MHz), the r e f l e c t i o n  
co efficient  increases again.
Ev ide ntly, once the h a l f - w a v e  resonant fr e q u e n c y
where d is the thickness of the plate and "n" is an 
integer. For the steel and p o l y s t y r e n e  plates d i s cu ss ed
In a d d i t i o n  to computing the speed of sound in thin 
plates, the pu lsed sound, i m m e r s i o n  technique may also be
fQ has been determined, the speed of sound c may be 
computed
f
c = 2 fQ d / n n = 1, 2, 3, ... (II-l)
O
above, the sound veloc ity is 5.94 x 10 m/sec and 2.17 x
O
10 m/sec, respectively.
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used to d e t e r m i n e  the m e c h a n i c a l  Q and the a t t e n u a t i o n
co efficient  a of the material. The Q is readil y o b t a i n e d
2
from the r e l a t i v e  frequency d e p e n d e n c e  of |tp [ or from 
the tr ans ients  of the r e fl ec ted wav e  at res onance.
In r e f e r e n c e  to the former, it should be noted that, 
for the g e o m e t r y  shown in Fi gure II-l, and under the 
co ndi tion that the tank wall refle c t s  all of the incident 
sound energy
1. A m p l i t u d e  of the first echo is p r o p o r t i o n a l  to
2. A m p l i t u d e  of the second echo is p r o p o r t i o n a l  to
|tP l2
A second me t h o d  for d e t e r m i n i n g  Q is to use the r e l a ­
tion Q = irN, w h e r e  N is the numbe r of cycles r e q uired for
either tran sient of the ref l e c t e d  pu lse  at re s o n a n c e  (la 
or lb in F i g u r e  II-2b) to decay to exp (-1) of its m a x i ­
m um value.
For the p u r p o s e  of c a l c u l a t i n g  the at t e n u a t i o n
coeffi cie nt a, refer to Fi g u r e  1-1 and consider the
ampli tud e of the second echo o b s er ve d on the CRT w he n 
the plate is in h a l f - w a v e  resonance. R e m e m b e r i n g  that 
this pulse has traver sed the pl ate twice, the obser v e d  
signal a m p l i t u d e  V is
V = C | tp | 2 P 0 exp [-aw 2(xi + X 2 ) (II-2)
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w he re
C = p r o p o r t i o n a l i t y  constant
tp = p r e s s u r e  tra n s m i s s i o n  co e f f i c i e n t  of the pl ate
P Q = p r e s s u r e  a m pl itude of the initial sound wa ve 
at the tran sduce r su rfa ce
x-^  = g e o m e t r i c a l  distance b e t w e e n  the tran sduce r
and the front face of the plate (see F i g u r e  II-l)
X 2 = g e o m e t r i c a l  dis tance be tw e e n  the rear face of 
the plate and the tank wall (see Figure II-l)
aw = a t t e n u a t i o n  coe ff icient  of the water m e d i u m
d = thick ne ss of the plate
If the plate is now removed, the signal a m p l i t u d e  V' of
the corre s p o n d i n g  echo is
V' = C P c exp (-aw 2D) (II-3)
wh ere D = x^ + d + X 2 . The ratio of these signals yields
V'/V = e x p ( - a w 2d) / | tp | 2 ( H - 4 )
From the d i s c u s s i o n  of A p p e n d i x  I, the t r a n s m i s s i o n  
coe ff icie nt  of a single, lossy h a l f - w a v e  plate may be 
d e term in ed in a s t r a i g h t f o r w a r d  manner. Hence, using 
re lations (1-8) thro ugh (1-10) wi th Z Q = Zw and y = tt - 
iad, tp be co mes
tP = 1 + [ (Z2 + Z ^ ) / 2 Z Z w ]ad ( H - 5 )
Su bs ti tuting  (II-5) into (II-4) and solving for a yields
1
2 Z Z —
a = ----=------   [exp (aw d) ( V ' / V ) 2 - 1] ( H - 6 )
d(z2 + Z 2) w
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Obv iously, this method is us e f u l  for c o mput in g a at 
only selected fr equencies, namely, at the ha l f - w a v e  
resonan t f r e q u e n c i e s  of the plate. In order to obtain 
the complete f r e q u e n c y  d e p e n d e n c e  of a, it is possible, 
of course, to control  the thickness of the plate, i.e. 
to vary its res on ant freque nci es.
The ta cit ly as sumed con d i t i o n  that the sound w av e 
be plane, is i n c r e a s i n g l y  more d i f f i c u l t  to m a i n t a i n  at 
low fre qu encie s (below 500 KHz). For this reason, the 
pulsed  sound method, as des c r i b e d  in this appendix, may 
lead to some error in the m e a s u r e m e n t s  of c, Q and a (see 
Cha pter VI). N e v e r t h e l e s s ,  its s i m p l i c i t y  and v e r s a t i l i t y  
m ake  this m e t h o d  an invaluabl e tool, p a r t i c u l a r l y  for the 
an al ys is d e s c r i b e d  in Chapter VI.
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